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MILITARY  PETROLEUM  PIPELINE  SYSTEMS 


I.  SUMMARY 

1 . Summary.  Since  first  employed  early  in  World  Wur  II,  pipelines  have  served 
a vital  role  In  the  bulk  distribution  of  fuel  during  every  subsequent  conflict  involving 
U.S,  combat  forces.  Pipelines  have  proven  lo  be  the  most  efficient  means  for  over- 
lund  transportation  of  large  quantities  of  liquid  hydrocarbon  fuels.  The  present  Army 
capability  to  install,  operate,  and  muintain  petroleum  pipelines  is  exumined  herein  in 
light  of  current  commercial  pipeline  technology  and  projections  of  fuel  consumption 
for  combat  units  in  the  event  of  future  hostilities, 

The  objective  of  this  investigation  is  to  provide  a measure  of  effectiveness  for 
and  to  determine  the  technical  feasibility  of  alternative  pipeline  systems  operating  as 
subsystems  in  a large  logistical  system  for  distribution  of  fuels  in  a theater  of  opera- 
tions during  wartime  conditions.  Desired  Improvements  in  the  Military  pipeline  opera- 
tional capability  include; 

a.  More  rupid  construction  (up  to  30  kilometers  per  day). 

b.  Greater  system  reliability. 

c.  Reduced  personnel  requirements. 

d.  Lower  life  cycle  costs. 

e.  Minimizing  potential  for  fuel  losses. 

A broad  array  of  pipe  materials,  pipe  joining  techniques,  pumping  equip- 
ment, ancillary  pipeline  components,  and  system  designs  huve  been  evaluated.  The 
findings  reveal  thut  substantive  improvements  in  the  operational  effectiveness  of  Mili- 
tary pipelines  can  be  achieved  using  uluminum  pipe  and  self-latching  mechanical 
couplings  in  lieu  of  the  existing  Military  stundard  grooved-end  steel  pipe  joined  by 
split-ring  mechunical  couplings  and  gaskets,  This  substitution  will  achieve  the  primary 
goal  of  Increased  construction  rate  with  a reduction  in  manpower  requirements.  In 
addition,  the  change  in  pipe  material  and  construction  methodology  will  result  in 
improved  pipeline  operational  and  maintenance  characteristics. 

The  use  of  high-speed,  medium-duty  diesel  engines  at  all  pump  stations  is 
essentiul  to  minimizing  total  life  cycle  costs  for  pipeline  systems,  As  fuel  costs  have 
continued  to  rise,  the  high  efficiency  of  diesel  engines  has  become  the  overriding 
fuctor  in  their  favor. 

Two  or  more  pump  units,  operating  in  series,  are  needed  at  each  booster 
pump  station  to  realize  the  maximum  pipeline  system  mission  reliability  at  the  lowest 
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overall  cost.  Equipment  down  time  has  a strong  inlluonee  on  mission  reliability.  Thus, 
to  reduce  logistical  support  requirements  and  eliminate  excessive  administrative  down 
time  waiting  for  repair  parts,  all  pipeline  pumps  should  share  engines  with  other  high- 
density  items  ol  equipment. 

Except  lor  speciul  applications,  flexible  hoselmes  ure  neither  efficient  nor 
cost  effective  for  transporting  large  quantities  of  fuel.  Hoselines  should  be  considered 
as  a viable  means  for  bulk  distribution  of  fuels  only  if  flexibility,  high  mobility,  rapid 
deployment  and  recovery,  und  frequent  relocation  are  essential  mission  requirements. 

Development  of  an  Improved  petroleum  pipeline  system  should  be 
accompanied  by  improvements  in  tanker  mooring  and  discharge  systems  and  bulk 
fuel  storage  facilities.  The  tuctlcu!  commander's  needs  can  be  satisfied  only  if  a com* 
plete  bulk  fuel  distribution  system  extends  from  tankers  moored  off  shore  to  the  fuel 
tunks  of  the  tactical  vehicles. 


II.  INTRODUCTION 

2.  Subject.  This  report  contains  the  results  of  the  system  definition  activities 
conducted  by  MERADCOM  during  the  evaluation  of  alternative  techniques  for  con- 
struction of  military  petroleum  pipelines  us  subsystems  of  bulk  petroleum  fuels  distri- 
bution systems  in  theuters-of-operation. 

An  Army  reorganization  of  the  echelons  above  division  wus  approved  by  the 
Army  Chief  of  Stuff.  The  new  doctrine  eliminated  the  field  army  and,  consequently, 
the  field  army  support  command  from  the  organizational  structure.  Inherent  in  tills 
reorganization  were  changes  in  responsibilities  and  chunges  in  territorial  organization 
which  may  affect  bulk  petroleum  doctrine,  organizations,  equipment,  and  management 
procedures. 

The  “Special  Analysis  of  Wheeled  Vehicles  (WHEELS)"  study  and  a follow- 
on  study,  "Recommended  Vehicle  Adjustment  Number  9 (REVA-9)  (Expanded)" 
recommended  reductions  in  the  number  of  vehicles,  including  bulk  petroleum  vehicles, 
organic  to  the  armored,  infantry,  und  mechanized  (AIM)  divisions  and  nondivision 
units.  The  WHEELS  study  and  REVA-9  (Expanded)  study  covered  vehicle  require- 
ments by  TOE  organization  but  did  not  address  doctrine,  organizations,  materiel 
requirements,  and  management  procedures  for  effective  bulk  petroleum  supply  and 
distribution  in  the  theater-of-operations, 

In  the  event  of  any  military  conflict  within  the  foreseeable  future  involving 
a significant  commitment  of  combat  forces  in  conventional  warfare,  immense  quanti- 
ties of  liquid  hydrocarbon  fuels  wiil  be  required  to  support  combat  operations,  The 
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theater  army  is  normally  assigned  the  responsibility  to  provide  and  operate  the  theater 
petroleum  distribution  system  in  support  of  all  U.S.  forces  and  other  authorized  con- 
sumers operating  in  a theater-of-operations.  This  includes  inland  waterway  and  intra- 
harbor  movement  of  bulk  fuel  supplies.  As  a result  of  the  increased  consumption  of 
fuels,  the  demund  for  transporting  fuels  has  outgrown  the  capability  of  existing  bulk 
fuel  distribution  systems. 

The  Adjutant  General,  Department  of  the  Army,  by  a letter  directive  dated 
6 Junuury  1975,  directed  the  U.S.  Army  Training  and  Doctrine  Command 
(USATRADOC)  to  conduct  a study  to  determine  the  adequacy  of  current  doctrine, 
organizations,  equipment,  and  management  procedures  to  provide  petroleum  storage 
and  distribution  within  theaters*of-operation  and.  where  appropriate,  to  recommend 
necessary  changes  in  doctrine,  organization,  equipment,  and  management  procedures. 
By  indorsement  to  the  DA  letter  directive,  Headquarters,  TRADOC  designated  the  U.S, 
Army  Logistic  Center  (USALOGC),  Fort  Lee,  Virginia  as  the  activity  to  perform  the 
study.  The  responsibility  was  further  delegated  to  the  U.S.  Army  Quartermaster 
School,  Fort  Lee,  Virginia.  The  results  of  that  study  are  contained  in  the  U.S.  Army 
Quurterniuster  School  Final  Report.  “Bulk  Petroleum  Fuels  in  a Theater  of  Opera- 
tions," June  1977  (Volume  1,  Executive  Summary  and  Main  Report,  and  Volume  11. 
Appendixes).  The  results  of  this  investigation  of  alternative  pipeline  concepts  and  con- 
struction techniques  arc  Intended  to  supplement  the  findings  of  the  Quartermaster 
School  study. 

3.  Background,  Liquid  hydrocurbon  fuels  were  initially  used  by  military  forces 
in  small  quantities,  These  limited  quantities  of  fuel  were  shipped  and  stored  in  5-gallon 
cans  und  55-gallon  drums  employing  the  same  logistical  support  procedures  used  for 
distribution  of  other  puckugcd  products. 

The  advent  of  mechanized  military  forces  substantially  increased  the  quanti- 
ties of  fuels  consumed  in  a theuter-of-operatlon.  Distribution  and  storage  of  fuels  as 
packugud  products  in  sufficient  quantities  to  meet  the  increasing  demand  pluced  an 
undue  burden  on  the  logistlcul  system.  Use  of  tank  trucks  und  railroad  tank  cars  pro- 
vided some  relief  in  the  number  of  cans  and  drums  that  hud  to  be  bundled.  The  rapid 
advances  In  the  mechanization  of  our  Armed  Forces,  however,  resulted  in  the  con- 
sumption of  liquid  hydrocarbon  fuels  in  quantities  which  exceeded  reasonable  expec- 
tation for  distribution  of  fuels  as  puekuged  products  using  the  then  existing  logistieul 
supply  systems.  As  a result,  pipelines  were  first  used  by  the  military  for  bulk  fuels 
distribution  soon  after  the  United  States  entered  World  War  II. 

Prior  to  the  entry  of  the  United  Stutes  into  World  War  II.  the  Shell  Oil 
Company  submitted  to  the  Wur  Department  a proposal  for  a lightweight  grooved-end 
steel  pipe  und  bolted-coupling  pipeline  system  that  was  easily  assembled  by  hand. 


3 


This  proposal  received  little  attention  because  of  a general  disinterest  In  military 
petroleum  pipelines  and  satisfaction  with  existing  methods  of  fuel  distribution,  it  was 
not  until  1942  that  the  War  Department  established  u policy  for  use  of  pipelines  for 
distribution  of  gasoline  in  support  of  combat  operations.  The  pipeline  concepts  and 
construction  techniques  adopted  during  World  War  II  were  essentially  those  proposed 
by  Shell  Oil  Company  and  ure  still  In  effect  today. 

Documentation  of  events  surrounding  the  use  of  coupled  pipelines  during 
World  War  II,  the  Korean  War,  and  the  Vietnam  Conflict  Indicates  a wide  range  of 
problems.  Despite  these  problems,  the  evidence  shows  pipelines  to  be  an  effective 
mode  for  overland  transportation  of  large  quantities  of  liquid  fuels. 

Although  the  use  of  plastic,  composite,  and  aluminum  pipelines  by  Industry 
has  increased  significantly  in  recent  years,  welded  steel  pipelines  still  dominate  the 
commercial  pipeline  industry,  The  quality  of  u welded  steel  pipeline  is  determined  by 
the  quality  of  the  welds.  Pipeline  welding  is  a difficult  and  rigorous  task  where  perfec- 
tion is  required  to  produce  a reliable  pipeline.  Civilian  pipeline  welders  arc  usually  men 
of  exceptional  skill  who  have  achieved  a high  degree  of  proficiency  through  training 
and  extensive  experience.  They  maintain  their  high-level  proficiency  through  continu- 
ous field  practice.  Lucking  continuing  requirements  for  construction  of  welded  steel 
pipelines,  it  is  impossible  for  the  Army  to  develop  and  maintain  an  adequate  crew  of 
qualified  welders.  Even  if  an  udequate  number  of  qualified  welders  were  available, 
the  maximum  possible  rate  of  construction  using  munuul  pipeline  welding  techniques 
would  be  too  slow  to  support  the  tactical  operations  of  today’s  highly  mobile  military 
forces. 


In  1957,  the  Army  Initiated  action  on  a development  progrum  for  an  auto- 
matic pipeline  girth  welding  machine.  A luborutory  model  of  a high-frequency, 
induction-pressure  welding  machine  developed  under  tills  progrum  achieved  limited 
success,  On  4 January  I960,  however,  the  Office,  Chief  of  Engineers  directed  that 
work  on  the  automatic  girth  welder  be  terminated  on  the  basis  that  studies  revealed  no 
requirement  for  welded  pipelines  for  overlund  transportation  of  fuels.  A subsequent 
study  conducted  by  the  Combat  Development  Group  of  the  Engineer  School,  at  the 
direction  of  the  Chief  of  Engineers,  recommended  accelerated  development  of  an  auto- 
matic pipeline  welder  for  high-pressure  pipeline  of  8-  und  1 2-inch  diameters. 

In  lute  1961,  an  experimental  mobile  pipe  mill  developed  by  Industry  was 
used  to  construct  30  miles  of  8-inch  product  pipeline.  This  mill  fabricated  high-pressure, 
longitudinally  welded  steel  pipe.  The  pip.:  was  produced  in  long  lengths  us  the  self- 
propelled,  self-contained  mill  moved  along  the  pipeline  right-of-way.  Army  observers 
were  impressed  witli  the  potential  construction  capability  of  the  mobile  pipe  mill  con- 
cept. After  projected  construction  capabilities  were  compared,  the  mobile  pipe  mill 
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was  considered  to  liuve  greater  military  potential  than  the  automatic  girth  welder,  As 
a result,  all  work  on  the  automatic  girth  welder  wus  terminated  and  a development  pro- 
gram fora  mobile  pipe  mill  was  initiated  on  17  August  l%2. 


An  extensive  investigation  of  the  mobile  pipe  mill  was  conducted  while 
monitoring  of  the  operation  of  the  prototype  mobile  pipe  mill  developed  by  Industry 
continued.  An  Engineering  Feasibility  Study  revealed  major  problems  with  production 
rate,  operability,  reliability,  maintainability,  maneuverability,  transportability,  and 
safety,  The  ability  to  produce  good  longitudinal  welds  was  considered  critical  to  the 
success  of  u mobile  pipe  mill.  A detailed  welding  study  recommended  the  addition  of 
a wcld-normullzlng  process.  The  additional  power  and  equipment  required  for 
normalizing  would  increase  the  size  and  complexity  of  the  mill  making  it  improbable 
that  the  desired  performance  could  be  achieved.  On  tills  basis,  MERADCOM  recom- 
mended termination  of  the  mobile  pipe  mill  development  task  and  was  directed  to 
Initiate  u study  progrum  to  determine  the  most  advantageous  military  POL  pipeline 
construction  technique. 

Following  termination  of  the  mobile  pipe  mill  development  program, 
MERADCOM  began  investigating  alternative  methods  und  materials  for  pipeline  con- 
struction. From  this  investigation,  field  fabrication  of  composite  pipe  emerged  us  u 
concept  meriting  further  examination.  A feasibility  study  conducted  for  MERADCOM 
by  the  Muteriuls  Engineering  Division,  Feltman  Research  Luborutory,  Plcatinny  Arsenal 
concluded  field  fabrication  of  composite  pipe  could  be  accomplished  by  wrapping 
multiple  plies  of  resin-impregnated  fiberglass,  woven  cloth  tape  und  curing  the  resin 
with  high-intensity  ultraviolet  light.  Subsequent  reseurch  in  this  area  has  indicated  that 
improved  resin  cure  mechanisms  and  a mundrel  for  u continuous  wrupplng  process 
must  be  developed  before  field  fubrlcutlon  of  composite  pipe  can  be  considered  n 
vlublo  upproueh  for  military  pipeline  construction.  A critical  factor  in  demonstrating 
the  military  suituhllity  of  ficid-fubricuted  composite  pipe,  or  uny  other  method  of  pipe- 
line construction.  Is  the  ubillty  to  achieve  an  acceptable  rate  of  construction. 

During  this  same  time  period,  the  Combut  Operations  Research  Group 
(C'ORG)  of  Technical  Operations,  Inc.  was  conducting  a study  for  the  U.S,  Army 
Combat  Development  Command  Engineer  Agency  to  identify  bulk  petroleum  distri- 
bution systems  that  would  be  effective  in  ull  levels  of  warfure.  The  CORG  study, 
Bulk  Petroleum  Facilities  and  Systems  (BPFS),  involved  an  extensive  analysis  of  a large 
number  of  candidate  pipe  materials,  joining  methods,  pumping  units,  storuge  tanks, 
and  mooring  equipment,  resulting  in  u recommended  Army  bulk  petroleum  system  for 
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tlu-  1 1 * * * * 6 7 8> 7 5 time  frame. ,'M  However,  materiel  development  requirement  documents 
authorizing  development  of  recommended  new  items  were  never  approved. 

I liis  investigation  includes  reassessing  many  of  the  pipeline  components  and 
system  concepts  evaluated  by  CORC1.  Data  from  the  BPFS  study  are  utilized  herein 
to  the  extent  possible.  New  developments  In  technology  are  Incorporated  where  appli- 
cable. The  rapid  rise  of  costs  since  I9&7-1969  when  the  BPFS  study  was  conducted 
has  required  substantial  updating  of  the  cost  data,  in  addition,  Ibis  analysis  is  based  on 
different  operational  scenarios  reflecting  current  projections  of  future  military  fuel 
requirements. 

4.  Statement  of  Problem.  The  objective  of  this  investigation  Is  to  provide  u 
measure  of  effectiveness  and  determine  the  technical  feasibility  of  altbrnutivc  pipeline 
systems  us  u subsystem  of  a logistical  system  for  overland  transportation  of  bulk  liquid 
hydrocarbon  fuels  by  military  troops  in  a theater-of'-operatlons  under  wurtimo  con- 
ditions. The  results  of  this  study  arc  intended  to  identify  a pipeline  systems  concept 
tliut.  to  the  extent  possible,  will; 

a.  Maximize  the  system  reliability  where  system  reliability  Is  defined  as 
the  probability  that  a quantity  of  fuel  equal  to  the  minimum  dully  consumption  cun  be 
transferred  from  u port  of  entry  to  the  bulk  distribution  breakdown  point. 

1 K.  Stanley  LuVulee  el  ul .Bulk  Petroleum  Facilities and Systems  /BPFS)  - 1970-1983,  Phase  I 1970-1973 , Main 
Report.  Combat  Operation*  Research  Group,  Technical  Operation*,  Inc.;  Alexandria,  Virginia;  November  1968. 

J lldwurd  W.  King;  Bulk  Petroleum  Facilities  and  Systems  /BPFS)  - 1970-1983.  Phase  1 : 1970-1973.  Annex  A. 
Historical  and  Doctrinal  Review.  Combat  Operation*  Raieufeli  (iruup,  Technieal  Operation*,  Ine, ; Alexandria. 
Vlrglnlu;  November  1969. 

^ R.  Dean  George  el  ul;  Bulk  Petroleum  Facilities  and  Systems  (BPFS)  - 1970-1983,  Phase  I 1970-1983,  Annex 
B,  Part  /.  Military  Bqutpment  Survey.  Combat  Operation*  Rc»eardt  Group,  Technical  Operation*.  Ine.; 
Alexandria,  Virginia;  November  1969. 

* R.  Doan  George  el  al;  Bulk  Petroleum  Facilities  and  Systems  (BPFS)  - 1970-1983,  Annex  B,  Part  II,  Industry 
Fqulpment  Survey.  Combat  Operation*  Roieurch  Group,  Technical  Operation*,  ine.;  Alexandria,  Virginia; 
November  1969. 

^ Ruy  A.  Andetwn;  Bulk  Petroleum  Facilities  and  Systems  (BPFS)  - 1970-1983 , Phase  /.  1970-1973,  Annex  C, 
Pipeline  Simulation  Model.  Combat  Operation*  Renearch  Group,  Technical  Opetalions,  Ine.iAlvxandria.  Virginia; 
November  1969. 

6 Ruy  A.  Anderson  et  *\;Bulk  Petroleum  Facilities  and  Systems  (BPFS)  - 1970-1983,  Phase I:  1970-1973,  Annex 
F,  Cost  FffeeUvtntss  Analysis.  Combat  Operation*  Research  Group,  Technieal  Operation*.  Ine.;  Alexandria, 
Vlrglnlu;  November  1969, 

7 Gordon  B.  Rage  and  Richard  A.  Tarker;  Bulk  Petroleum  Facilities  and  Systems  (BPFS)  - 1970-1983,  Phase  I: 
1970-1973,  Annex  F,  Engineer  Organisation  and  h'qu/pment,  Combat  Operation*  Kcieurch  Group,  Teelmlcul 
Operation*,  Inc.;  Alexandria.  Virginia;  November  1969, 

8 R.  Stanley  LuVulee  and  Kenneth  R,  Simmons;  Bulk  Petroleum  Facilities  and  Systems  (BPFS)  - 1 970-/983, 
Phase  I:  1970-1973,  Annex  Cl,  Synthesised  Engineer  Bulk  Petroleum  Facilities  System,  Combat  Operation* 
Group, Technical  Operation*,  Inc.;  Alexandria,  Virginia;  November  1969. 

y John  M,  MeCroory  et  ul;  Bulk  Petroleum  Facilities  and  Systems  (BPFS)  - 1970-1983,  Phase  II:  1973-1983, 
Combat  Operation*  Research  Group,  Technical  Operation*,  Inc,;  Alexandria,  Vlrglnlu;  November  1969, 


b.  Maximize  the  rale  of  construction  to  provide  the  capability  to  advance 
the  pipchead  as  rapidly  as  possible,  at  rates  up  to  30  kilometers  ( I H.(>  miles)  per  day. 


c.  Minimize  the  number  of  personnel,  skill  levels,  and  training  required  for 
pipeline  construction,  operation,  and  maintenance  of  military  petroleum  pipelines. 

d.  Minimize  the  total  life  cycle  cost  for  a complete  pipeline  system. 

e.  Minimize  the  potential  lor  fuel  losses  due  to  natural  disasters,  hostile 
action,  pilferage,  contamination,  and  administrative  handling  errors. 

III.  INVESTIGATION 

5.  Methodology.  This  section  describes  the  procedures,  assumptions,  con* 
struints,  and  scenarios  established  us  a busts  Tor  comparison  of  candidate  pipeline  com* 
ponents  and  synthesized  systems.  The  first  step  in  the  unalysis  process,  illustrated  in 
Figure  I , is  evaluation  of  the  major  components  included  in  an  integrated  pipeline  sys- 
tem. These  components  analyses  provide  the  basis  for  selection  of  components  during 
the  synthesis  of  pipeline  systems  for  systems  evaluation.  The  results  of  the  reliability 
und  technological  risk  assessments  arc  considered  in  evuluuting  the  cost  and  operational 
effectiveness  of  the  candidate  systems. 

n.  Assumptions.  For  the  purpose  of  this  Investigation,  the  following 
assumptions  urc  applicable  unless  otherwise  stated  herein. 

(1)  All  performance  characteristics  shull  be  based  on  standard  atmo- 
sphere conditions. 

(2)  All  pipelines  shall  be  used  to  handle  multiple  products  using  con* 
vcntional  batching  procedures.  The  product  mix  shall  consist  of  20  percent  motor 
gasoline,  30  percent  diesel  fuel,  und  50  percent  Jet  fuel  (JIM).  All  flow  characteristics 
shall  be  bused  on  the  heaviest  fuel  which  is  diesel  having  a specific  gravity  (SP  GR) 
of  0.8448.'° 


(3)  Each  candidate  pump  station  will  include  a manifold  of  the  same 
basic  design  used  in  the  Army  Facilities  Components  System  (AFCS).  Changes  to  the 
standard  manifold  designs  will  be  made  to  adapt  the  pressure  rating  of  the  manifold 
to  the  requirements  of  each  particular  pump  station  concept. 


10  Military  Petroleum  Pipeline  Syttcm,  Department  of  the  Army  Technical  Manual,  TM  3-343;  February  1969; 

p,  6-2. 


7 


Figure  1 . Schematic  diagram  of  analytic  procedure. 


b.  Constraints,  Unless  otherwise  stated  herein,  the  following  constraints 
are  applicable  throughout  this  Investigation: 

(1)  Construction,  operation,  and  maintenance  of  all  pipeline  candi- 
dates must  be  possible  under  environmental  conditions  specified  in  AR  70*38  for  cli- 
matic categories  1 through  7, 

(2)  The  nominal  diameter  of  ail  eundidute  pipelines  shall  be  4,  6,  or 
8 inches.  Use  of  multiple  parallel  iines  to  obtain  the  required  throughput  capability  is 
permissible, 
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(3)  All  pipeline  components,  all  materials,  and  any  special  items  of 
equipment  required  for  pipeline  construction  and/or  maintenance  shall  he  air- 
transportable  by  ('-130  aircraft. 


c.  Scenarios.  Two  hypothetical  missions  are  defined  in  the  following 
paragraphs  to  provide  a common  busts  for  comparison  of  oundldute  components  and 
alternative  systems.  These  scenarios  urv  general  in  nuturc  reflecting  various  operational 
requirements  that  could  occur  in  numerous  locations  throughout  the  world,  No 
attempt  has  been  made  to  develop  mission  profiles  representative  of  specific  threats. 

( I ) Scenario  I - Nlnoty-day  conflict.  U.S.  troops  are  deployed  by  air 
into  a foreign  objective  aruu  100  miles  inland  from  an  available  port  of  entry.  Deploy- 
ment of  udditionul  personnel  and  equipment  into  the  same  urea  continues  until  day  +40. 

The  initial  elements  deployed  arrive  with  sufficient  supplies,  in- 
cluding fuel,  to  sustain  operations  for  3 days.  Beyond  day  +3,  all  fuel  is  brought 
forward  by  airlift  und/or  5,000-gulloti  tank  trucks  from  on  existing  commercial  marine 
terminal  ut  the  port -of*cn try  100  miles  away  until  u pipeline  cun  be  installed. 

To  expedite  installation,  the  pipeline  is  luld  along  the  most  direct 
route  possible  utilizing  road  ditches,  railroad  right-of-ways,  streum  beds,  etc.,  through 
ureas  where  grading  would  otherwise  be  required.  The  resulting  pipeline  profile  Is 
defined  In  Table  I und  Figure  2.  This  pipeline  profile  is  intended  to  reflect  the  niujor 
changes  In  elevation  which  impact  on  pipeline  system  design,  No  attempt  hus  been 
made  to  Include  minor  undulations  in  elevation  which  have  little  effect  on  pipeline 
design  or  performance. 


Table  1 . Pipeline  Profile  for  Scenario  1 


Distance  from  Marine  Terminal 
(miles) 

Klevatlon  Above*  Murine  Terminal 
(feet) 

0 

0 

10 

100 

20 

30 

40 

1300 

50 

2000 

60 

3000 

70 

1500 

80 

500 

90 

400 

100 

400 

* I’mlllc  In  iiMumcil  In  liuve  ;i  roniiiu.it  slope  between  elevation*  shown. 
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Figure  2.  Pipeline  profile  for  Scenirlo  ). 


The  pipeline  runs  through  neutral  territory.  Sabotage  by  guerrlllu 
action  utul  pilferage  arc  constant  problems. 


The  daily  fuel  consumption  in  the  objective  urea  increases  at  a 
relatively  steady  rate  from  duy  +1  to  duy  +40,  The  dally  fuel  requirements  are  con- 
stunt  from  day  +40  through  day  +90.  The  available  commercial  marine  terminal  at  the 
port  of  entry  hus  adequate  mooring  facilities  ami  storage  eapuclty  to  assure  a constant 
supply  of  fuel  to  the  pipeline.  Actual  dully  fuel  requirements  ure  shown  in  Tuble  2 
und  Figure  3, 


A political  settlement  is  reached  90  days  after  the  initial  deploy- 
ment of  troops  und  u cease-fire  goes  into  effect,  All  U.S,  forces  ure  withdrawn:  how- 
ever, the  pipeline  is  left  in  place  to  be  maintained  by  Indigenous  forces  pending  the 
potential  outbreak  of  further  hostilities. 

(2)  Scenario  II  - Established  Thcater-of-Operatlons.  Forces  ure 
operating  In  un  established  thentcr-of-opcrutlons,  The  primary  port-of-entry  for  fuel 
hus  been  destroyed  by  enemy  action  ereuting  a need  to  construct  a pipeline  to  supply 
fuel  from  an  ulternute  port-of-entry  100  miles  from  an  Intermediate  storage  terminal. 

All  pipes,  pumps,  und  ancillary  Items  required  for  installation  of 
the  pipeline  are  uvullublc  from  resources  stockpiled  in-country.  The  new  pipeline  route 
is  over  gentle  rolling  terrain  which  cun  be  cleared  adequately  for  pipeline  construction 
by  not  more  than  two  pusses  with  u bulldozer,  The  change  In  elevation  Is  assumed  to 
be  u constant  gradient  rising  500  feet  (5  feet  per  mile)  from  the  port-of-entry  to  the 
intermediate  storage  terminal. 
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Table  ,1.  Daily  Fuel  Consumption  Scenario  I 


Day 

Daily  Consumption 
(iallons/Duy  Burrels/Duy 

Cumulative  Totul 
(Barrels) 

1 thru  3 

0 

0 

0 

4 

4,200 

100 

100 

5 

4.200 

100 

200 

6 

192,990 

4,595 

4,795 

7 thru  9 

226,170 

5.385 

20,950 

10 

298,200 

7,100 

28,050 

II 

313,320 

7,460 

35,510 

12 

435,750 

10,375 

45,885 

13 

435,750 

10,375 

56.260 

14  thru  19 

477,330 

1 1 ,365 

1 24,450 

20  thru  24 

605,220 

14,410 

196.500 

25  thru  29 

708,330 

16.865 

280,825 

30 

786,450 

18.725 

299,550 

31  thru  33 

869,820 

20.710 

361,680 

34 

942.060 

22,430 

384,110 

35 

934,710 

22,255 

406,365 

36  thru  38 

1,070,370 

25,485 

482,820 

39  thru  54 

1,128,540 

26,870 

916,740 

55  thru  Fnd 

1,160,040 

27,620 

2,183,260 

The  alternative  pipeline  systems  are  designed  to  deliver  un  average 
of  35,000  burrels  of  fuel  dully  when  operating  23  hours  per  duy. 

The  pipeline  will  be  used  to  support  military  operations  for  u 

period  of  3 yours. 

6,  Pipeline  Operation.  A military  bulk  petroleum  fuels  distribution  system  in  u 
theuter-of-operutlons  consists  of  un  urruy  of  equipment  and  facilities.  When  U.S.  forces 
lire  first  deployed  into  un  objective  ureu.  the  distribution  system  will  be  very  simple 
and  will  grow  us  the  campaign  develops.  Figure  4 Illustrates.  In  schemutie  form,  the 
typo  of  facilities  which  might  be  found  in  u theater  of  operations  which  hus  developed 
sufficiently  to  provide  stability  in  rear  areus.  The  complexity  of  the  distribution 
system  und  the  amount  of  equipment  Involved  will  vury  with  the  size  of  the  combat 
force  being  supported. 

A shlp-to-shore  facility  Is  required  to  transfer  fuel  from  tankers  moored  off- 
shore to  the  onshore  facilities.  In  protected  wuters.  the  shlp-to-shore  facility  muy  be  a 
pipeline  laid  out  unto  u Jetty  where  the  tanker  Is  berthed  alongside.  In  unprotected 
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Figure  3.  Dully  fuel  consumption  - Scenario  I. 


waters,  the  ship  must  be  moored  some  distance  off  the  bcuch  using  a multileg  or  single* 
point  mooring  facility.  In  such  cusos,  the  fuel  must  be  transferred  ashore  through  a 
flouting  hoseline,  u submurine  hoselinc,  or  a bottom-laid  pipeline,  Pumps  ubourd  the 
tunker  provide  the  pressure  to  push  the  fuel  to  the  shoreline.  Although  this  study  does 
not  directly  address  the  technicul  aspects  of  construction,  operation,  and  maintenance 
of  shlp-to-shoro  facilities,  much  of  the  information  reluting  to  pipe  und  pipe-joining 
techniques  may  be  applicable  to  offshore  systems.  It  must  be  recognized,  however,  the 
criteria  for  selecting  the  best  technical  approach  for  offshore  pipelines  arc  significantly 
different  from  that  for  onshore  pipelines,  The  need  for  offshore  facilities  is  discussed 
in  Appendix  A to  this  report. 

The  fuel  is  delivered  from  the  ship*to*shore  facility  to  a murine  terminal 
storage  facility  or  base  terminal.  The  ship-to-shoro  pipeline  will  be  connected  to  the 
marine  terminal  manifold.  All  storage  tanks  within  the  marine  terminal  will  be  inter- 
connected to  this  manifold  by  pipelines  so  that  fuel  may  be  transferred  from  the 
tanker  directly  to  any  of  the  storage  tanks.  This  switching  manifold  also  provides  the 
capability  to  transfer  fuel  between  tanks  within  the  marine  terminal  and  to  deliver  fuel 
to  pipelines  extending  Inland,  Flood  und  transfer  pumps  ure  Installed  in  the  switching 
manifold  for  this  purpose. 
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a.  Classes  of  Humps.  Pumping  units  are  critical  elements  in  uli  fuel  distri- 
bution systems  providing  the  power  to  move  the  fuel  through  the  pipelines,  to  trans- 
fer fuel  between  tanks,  anil  for  dispensing  fuels.  A hulk  distribution  system  of  the 
type  illustrated  in  Figure  4 will  include  a variety  of  pumping  requirements  depending 
on  many  factors.  For  the  purpose  of  this  study,  all  pumping  units  are  considered  to 
fall  within  two  general  classes:  flood-and-transfer  pumps  and  booster  pumps. 

(1)  Flood-and-Transfer  Pumps.  Included  in  this  class  of  pumps  are 
those  pumping  units  frequently  referred  to  us  flood  pumps,  transfer  pumps,  feeder 
pumps,  or  supply  pumps.,  Flood-und-transfcr  pumps  are  normally  installed  In  storage 
terminal  switching  tnunifolds  where  they  serve  a variety  of  functions.  In  general,  they 
are  used  to  transfer  fuel  into,  within,  and  out  of  storage  terminals.  In  support  of  a 
pipeline  operation,  a flood-and-transfer  pump  draws  fuel  from  storage  tanks  and 
delivers  the  fuel  to  the  first  pipeline  booster  pumping  station  providing  the  required 
manifold  suction  pressure.  Typically,  flood-und-transfer  pumps  are  high-capuclty. 
low-head  pumps  designed  to  operate  without  a positive  pressure  at  the  pump  inlet 
(suction).  In  addition,  flood-and-transfer  pumps  ure  normally  self-priming  after  Initial 
charging  of  the  case  with  liquid, 

(2)  Booster  Pumps.  Booster  pumps,  sometimes  referred  to  as  muin- 
linc  or  trunkline  pumps,  provide  the  pressure  to  maintain  flow  through  the  pipeline. 
When  more  than  one  booster  pump  is  located  at  a booster  pumping  station,  the  pumps 
are  usually  located  udjacent  to  each  other  In  u munifold  which  may  connect  the  pump 
suction  and  discharge  lines  in  puruilci  or  scries.  Booster  pumps  ure  high-cupucity,  high- 
head  pumps  und  normally  require  a positive  pressure  ut  the  punip  Inlet  (suction). 

b.  Method  of  Operation.  The  type  and  amount  of  equipment  required  at 
u pumping  stution  varies  depending  on  the  method  of  operation.  There  are  three  basic 
methods  of  pipeline  operution:  tight-line,  flout-tunkage.  and  regulation  tankage. 

(1)  Tightline  Operation.  The  fuel  distribution  system  iMustrated  in 
Figure  4 depicts  tightline  pipeline  operations  between  the  murine  terminal  und  the 
intermediate  storage  terminal  and  between  the  intermediate  storage  terminal  and  the 
pipehead  storage  terminal.  At  each  booster  pumping  station,  the  receiving  pipeline  is 
connected  directly  to  the  inlet  of  the  booster  station  manifold  as  shown  in  Figure  5, 
This  is  the  most  complex  method  of  pipeline  operation  becuuse  it  requires  exuct  co- 
ordination of  ail  pumping  units  along  the  pipeline  between  storage  terminals. 

( 2)  Float-Tankage  Operation,  Using  the  float-tankage  method  of  pipe- 
line operation  each  pumping  stution  druws  fuel  directly  from  storage  tanks  located  at 
the  pumping  stution  site.  At  the  next  pumping  stution  the  fuel  i;  discharged  from  the 
incoming  pipeline  directly  into  storage  tunks.  The  float  tunkuge  method  of  operation, 
illustrated  in  Figure  (>.  allows  each  pipeline  segment  to  operate  independently.  The 
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only  requirement  for  coordination  between  pumping  stations  is  for  the  receiving  sta- 
tion  to  monitor  the  Incoming  flow  to  insure  that  the  fuel  being  received  Is  directed  into 
the  proper  storuge  tanks. 

(3)  Regulation  Tankage  Operation.  A pipeline  operated  using  the 
regulation  tankuge  method  shares  some  common  characteristics  with  both  the  tight- 
line  and  float-tankage  methods  of  operation.  As  in  a tight-line  operation,  the  pipeline 
coming  into  a regulation  tankage  pumping  station  is  connected  directly  to  the  inlet  of 
the  pumping  station  manifold.  However,  as  illustrated  in  Figure  7,  an  open  tine  from 
the  incoming  pipeline  is  also  connected  to  a storage  tank  as  in  a flout-tankage  opera- 
tion. Using  the  regulation  tankage  method  of  operation,  ail  pumping  stutions  are 
operated  simultaneously  at  or  near  the  sume  flow  rate,  The  storage  tank  at  each 
booster  pumping  station  allows  a slight  vuriution  in  flow  rates  between  udjaeent 
pumping  stutions.  It  also  allows  brief  periods  of  interruption  of  operation  of  uny  pipe- 
line segment  without  affecting  the  operation  of  the  other  pumping  stations.  Since  the 
storage  capacity  of  the  regulation  tankage  ut  each  pumping  station  normally  would 
be  small,  the  uverage  How  rate  of  each  pumping  station  between  two  major  storuge 
terminals  must  he  approximately  the  same  over  uny  extended  period  of  operation. 
Otherwise,  one  pumping  station  will  require  all  pumping  stutions  to  adjust  their 
pumping  rate  or  shutdown. 
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Figure  7.  Regulation  tankage  pipeline  operation. 


Certain  udvuntuges  and  disadvantages  are  inherent  to  each  method  of 
pipeline  operution.  However,  the  influence  each  of  the  general  characteristics  has  on 
the  suitubllity  of  a method  of  operution  for  a particular  application  is  tempered  by 
numerous  factors,  The  Nutionu!  Security  Industrial  Association  (NSIA)  tradeoff 
technique  is  used  to  compare  the  suitability  of  the  three  methods  for  military  pipeline 
operations,  (A  detailed  description  of  the  application  of  the  NSIA  trade-off  technique 
is  contained  in  Appendix  B),  The  factors  considered  in  this  evaluation  are  shown  in 
Tables  3,  4,  und  5 with  the  relative  weighting  und  rating  values  assigned  for  each  factor. 


Table  3.  r.vdluullon  ui'Tiahtllne  Method  of  Pipeline  Opera  lion 

Parameter* 

Consideration* 

Kclutivc 

Haile  Rating 

Adjusted  Value* 

Wvlphtlnti 

Undunirublo  Desirable 

Undesirable 

Desirable 

Lqulpmebt  Required 

Pump  Unit* 

3 

+70 

+210 

Slnrupu  1 unk» 

3 

+ 70 

+210 

Installation 

Manpower 

3 

+90 

+270 

Skill  Level* 

4 

+70 

+2  HO 

liqulpmont 

2 

+50 

+ 100 

Time 

5 

+ 100 

+300 

Operution 

Manpower 

3 

+70 

+ 210 

Skill  Level 

4 

•70 

■280 

Throughput 

3 

•So 

• 250 

Capacity 

Cnninilni'liiirt 

4 

+ 70 

+ 280 

f uel  Losses 

1 

+ 10 

+ 10 

Safely 

1 

•30 

•30 

C'oimmmleatlun 

1 

•SO 

•SO 

Maintenance 

Manpower 

4 

+ 1U 

+30 

Shell  Level* 

. .3 

+ 10 

+ 10 

equipment 

2 

♦20 

♦ 20 

Tolul* 

in 

•610 

+ 2130 

Net  Value  - 21. I ll*  1*20 
Avernpe  Net  Value  * 1520/48  » +.1 1.7 
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Table  4.  I vulujiion  of  I lout-I  linkage  Method  of  Pipeline  Operation 


Parameters 


li|Uipnien!  Required 


Inatullution 


Operation 


Maintenance 


( nnsiiloruthms  Relative 
Weighting 


Pump  l 'mts  / J 

Storage  I auks  / J 

Manpower  / 3 

Skill  Level*  / 4 

Equipment  / 2 

Time  / S 

r' 

Manpower*  3 

SkUl  Level  4 

Throughput  S 

Capuclty 

Commingling  4 

fuel  Louet  I 

Surety  I 

Comittunleatlon*  I 

Manpower  4 

Skill  Leveli  3 

Equipment  2 


H;islc  Kallli)' 

I'mlesirulile  Desirable 


Adjusted  Values 


I hideslrulile  De'iralil 


Net  Value  ■ 900  - 1370  * -470 
Average  Net  Value  • -470/48  * -9.8 


Parameter! 


l uble  3.  L valuation  of  Regulation  Tankage  Method  ol  Pipeline  Operation 


Conaiderutioni  Relative  t>>_^Jjni[iJtutln|i>_>_i  <iB_Ad^uMedJfuluei__^ 
Weighting  Undualruble  Oealrable  Undeilrable  Deslrublc 


Not  Value  * +620  • J40  » + 80 
Average  Not  Value  » +80/48  * +1.7 


liil uipmcnt  requirements  ;it  tlic  first  pipeline  booster  pumping  stutiun  is 
virtually  the  same  for  all  methods  of  pipeline  operation.  A flood-uiul-traitsfer  pump  is 
required  to  draw  fuel  from  the  storage  terminal  and  deliver  the  fuel  to  the  booster 
pumping  station  manifold  at  the  required  suction  pressure.  The  booster  pumping 
stution  must  include  u sufficient  number  of  booster  pumps  to  develop  the  required 
pumping  stution  discharge  pressure. 

In  a flout-tunkage  pipeline  operation  every  booster  pumping  station  Is 
essentially  u small  intermediate  storage  termlnul.  Thus,  every  booster  stution  requires 
virtually  the  sumc  amount  of  equipment  us  Is  required  ut  un  intermediate  storage 
termlnul  except  flic  total  storuge  capacity  may  be  less.  In  some  applications,  it  is 
possible  thut  the  storage  capacity  uvuilublc  ut  booster  pumping  stations  may  permit 
some  reduction  In  the  storage  cupueity  required  ut  murine,  intermediate,  and  pipeheud 
storuge  terminals.  However,  since  storuge  tunks,  switching  manifolds,  flood-und-trunsfer 
pumps,  and  booster  pumps  arc  required  ut  every  booster  pumping  stution,  the  flout- 
tunkugc  method  of  pipeline  operation  requires  the  greutest  amount  of  equipment. 
Thus,  from  an  equipment  standpoint,  the  float-tunkuge  method  of  operation  is  the 
least  desirable  upprouch. 

By  contrust,  the  tight-line  method  of  pipeline  operation  is  the  most 
desirublc  upprouch  bccuusc  It  requires  the  least  umount  of  equipment,  Since  euch 
booster  pumping  stution  manifold  receives  fuel  from  the  Incoming  pipeline  ut  the 
required  suction  pressure,  a tight-line  booster  pumping  station  consists  of  the  number 
of  booster  pumps  necessary  to  develop  the  required  pumping  station  discharge  pressure 
plus  the  interconnecting  manifold.  Requiring  no  storuge  tunks  at  the  booster  stations, 
the  totul  storuge  cupueity  in  a tight-line  pipeline  is  thut  required  at  murine,  intermedi- 
ate, and  pipeheud  storage  terminals.  Flood-und-trunsfer  pumps  ure  required  only  ut  the 
storage  terminals.  In  some  cuses  it  may  be  desirublc  to  have  standby  pumps  ut  each 
booster  stution  to  improve  the  system  reliability,  liven  In  this  event,  the  totul  equip- 
ment will  be  less  tliun  for  cither  of  the  two  other  methods  of  operation, 

In  u regulation  tankage  pipeline  operation,  the  amount  of  equip- 
ment required  is  u function  of  the  desired  flexibility  of  operation.  If  very  limited 
storage  capacity  is  provided  ut  each  booster  pumping  stution,  the  amount  of  equipment 
required  Is  minimized  at  the  expense  of  operational  flexibility.  Increasing  the  storage 
cupueity  ut  cueh  booster  pumping  station  provides  greater  flexibility  of  operation. 
When  minimum  storage  is  used  ut  each  booster  pumping  station,  the  float-tunkagc 
method  of  operation  is  not  appreciably  different  from  a tight-line  operation.  At  the 
other  extreme,  if  the  storage  cupueity  ut  each  booster  pumping  station  in  a regulation 
tankage  pipeline  operation  is  large,  the  equipment  requirements  and  operational 
flexibility  approaches  thut  of  u float-tankuge  operation,  Because  the  system  can  be 
tailored  to  the  requirements  of  the  Individual  situation,  the  udvuntuges  of  the  regula- 
tion lunkuge  method  of  operation  ure  considered  to  marginally  outweigh  the 
disadvantages. 
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I’or  military  applications  where  rapid  rates  of  construction  are  required, 
the  tight-line  method  of  pipeline  operation  is  highly  desirable  because  the  required  con- 
struction effort  is  minimized.  I'urllier.  the  tight-line  method  of  operation  requires 
little,  if  any,  construction  equipment  for  installation.  Un  the  same  basts,  installation  of 
a float-tankage  pipeline  system  will  require  the  greatest  umount  of  construction  effort 
and  support  equipment  since  installation  of  any  significant  amount  of  storage  facilities 
requires  a substantial  construction  effort,  if  self-contained  pump-engine  units  are  used, 
(lie  pumps  require  low  skill  levels  for  installation.  C'ollupsible  self-supporting  tanks  can 
be  installed  by  relatively  untruined  personnel.  Any  other  type  of  storage  has  the 
undesirable  feuture  that  some  special  skills  und  (ruining  are  required  to  produce  a satis- 
factory fuel  container. 

On  the  busis  of  installation  fuctors,  the  tight-line  method  of  operation 
is  highly  desirable  because  pump  stutions  cun  be  installed  quickly.  Aguin,  the  float- 
tunkugc  method  of  operation  is  the  least  desirable  upprouch  because  of  the  time  required 
for  installing  storage  tanks. 

Manpower  requirements  urc  the  greatest  for  a float-tankage  operation 
since  opcrutlon  of  cuch  pump  stution  requires  the  operation  of  a tank  farm.  Since  this 
approach  allows  the  greatest  flexibility  in  operation,  the  skill  levels  required  urc  not  us 
stringent.  Only  u few  people  are  required  to  operate  u pipeline  using  the  tight-line 
method.  However,  bccuusc  every  pump  stution  must  operuto  in  cxuct  coordination 
with  ull  other  pump  stutions,  operating  personnel  must  be  well  truined  in  pipeline 
operating  procedures.  A disadvantage  of  the  tight-line  method  of  operation  is  that 
uuch  Item  of  equipment  must  have  high  reliability  to  Insure  un  acceptable  system  avail- 
ublllty  if  the  required  throughput  approaches  the  design  delivery  capacity  or  the 
system.  The  most  obvious  method  of  reducing  reliability  requirements  for  individual 
items  of  equipment  Is  to  use  regulation  or  flout  tunkugo.  Another  alternative  is  to 
increase  the  maximum  throughput  cupucity  of  the  system  so  thut  the  totul  detnuttd  can 
be  delivered  with  the  system  operating  at  less  than  optimum  performance  and  allowing 
more  system  downtime.  Component  and  system  reliability  is  examined  more  fully  in 
subsequent  sections  of  tills  report. 

When  batching  is  used  to  deliver  severul  products  through  a single 
pipeline,  commingling  of  the  fuels  at  the  interfaces  between  butchcs  ulwuys  occurs. 
The  tight-line  method  of  operation  minimizes  the  commingling  problem  since,  for  each 
batch,  only  one  Interface  must  be  cut  out  along  the  entire  length  of  the  pipeline. 
When  float-tankage  is  used  a new  intcrfuce  is  introduced  to  the  pipeline  at  each 
pumping  station  und  must  be  cut  out  when  the  fuel  is  received  into  tunkage  at  the  next 
pumping  station,  Thus,  the  flout-tunkuge  method  of  operation  results  In  substantially 
more  commingling  than  in  u tight-line  operation.  Also,  each  pumping  station  must 
huve  separate  tunkage  for  each  type  of  fuel  being  handled. 
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When  the  regulation-tankage  method  of  operation  is  used  only  one 
interface  per  butch  is  required  between  storage  terminals,  Variations  in  flow  rates 
between  adjacent  pipeline  segments  will  result  in  fuel  being  discharged  into  or  drawn 
from  the  tankage  at  each  booster  pumping  station.  Thus,  each  pumping  station  must 
have  separate  storage  for  each  type  of  fuel  handled.  When  an  interface  passes  through 
a booster  pumping  station,  the  valving  in  the  tankage  manifold  must  be  switched  to 
direct  the  flow  into  u tunk  containing  the  sume  type  of  fuel  as  that  passing  through  the 
pipeline.  At  best,  this  method  of  operation  will  result  in  more  commingling  thun  a 
tight-line  operation. 

The  tight-line  method  of  pipeline  operation  minimizes  vaporization 
losses  since  the  fuel  is  maintained  under  a positive  pressure  at  all  times  when  in  the 
pipeline.  The  float-tankage  method  of  pipeline  operation  creates  losses  due  to  the  con- 
stant breathing  of  tanks  as  the  fuel  is  pumped  In  and  out  of  the  tanks  at  each  pumping 
station.  The  loss  of  fuel  Is  small  when  regulation  tankage  is  used  since  only  a small 
part  of  the  fuel  enters  the  tankage  at  each  pump  station. 

In  u tight-line  pipeline  operation,  all  pumping  units  along  the  pipeline 
are  effectively  in  series.  Thus,  the  pressure  in  the  pipeline  at  any  point  is  equal  to  the 
sum  of  the  pressure  rise  across  each  pump  unit  upstream  less  all  fluid  friction  losses 
occurring  upstream  from  the  point  in  question.  If  the  downstream  end  of  the  pipeline 
is  blocked  by  closing  n vulve  or  other  means  of  stopping  flow,  the  fluid  friction  losses 
are  zero  resulting  in  the  pressure  In  the  pipeline  being  equal  to  the  summation  of  the 
pressure  rise  across  all  upstream  pump  units.  If  a line  blockage  were  to  occur  while  all 
pump  units  arc  operating,  the  pressure  in  the  downstreum  end  of  the  pipeline  would 
exceed  the  burst  pressure  of  the  pipeline  unless  udequute  overpressure  controls  are 
included  in  the  system.  To  avoid  this  problem,  each  pump  unit  must  be  equipped  with 
an  automatic  pressure  control  to  shut  down  each  pump  unit  In  the  event  the  discharge 
pressure  exceeds  u predetermined  level.  In  addition,  pressure  relief  vulvcs  should  be 
included  In  the  pipeline  to  relieve  uny  excess  pressure  in  the  event  the  pump  units 
failed  to  shut  down  should  un  overpressure  condition  occur, 

In  the  tloat-tunkuge  method  of  operation,  the  pipeline  Is  open  to  the 
atmosphere  (through  a tank)  where  the  pipeline  enters  each  pumping  station.  There- 
fore. the  maximum  pressure  to  which  the  pipeline  may  be  subjected,  neglecting  water- 
hammer  and  other  transient  conditions,  is  tlte  maximum  discharge  pressure  one 
pumping  stutlon  can  develop  plus  uny  additional  pressure  resulting  front  variations  in 
elevation,  With  the  exception  of  euses  where  extreme  changes  In  elevation  occur,  there 
is  little  chance  of  overpressure  conditions  occurring  in  a flout-tunkage  pipeline. 
Problems  associated  with  downhill  pressure  regulation  are  examined  in  subsequent  sec- 
tions of  this  report. 
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In  a regulation  tankugc  pipeline  operation  the  pipeline  is  normally  open 
to  a tank  at  the  entrance  to  each  booster  station.  Under  normal  operating  conditions 
tile  regulation  tankage  pipeline,  like  the  float-tankage  pipeline,  should  not  be  subject  to 
excessive  pressures.  However,  if  all  the  lines  to  regulation  tankugc  are  closed,  the  sys- 
tem becomes  a tight-line  operation.  Bccuusc  of  this  possibility,  the  regulation  tankage 
pipeline  requires  overpressure  protection  similar  to  that  of  a tight-line  pipeline. 

There  must  be  communication  between  pump  stations  Irrespective  of 
the  method  of  operation.  In  a tight-line  or  regulation  tankage  operation,  the  entire 
system  is  controlled  by  a dispatcher  who  must  be  In  constant  contact  with  all  pump 
stations.  In  the  float-tunkagc  method  of  operutlon  each  pump  station  must  be  able  to 
communicate  with  the  operator  at  the  next  station,  in  addition,  a dispatcher  must 
coordinate  the  amount  and  type  of  fuel  to  be  pumped  through  the  line,  However,  the 
total  communications  requirements  arc  less  critical  than  for  tight-line  or  regulation 
tunkugc  operation. 

Most  commercial  pipelines  are  tight-line  operations.  The  high  reliabil- 
ity of  commercial  pipeline  equipment  und  use  of  automation  allowing  control  of  an 
entire  pipeline  system  from  a central  location  has  virtually  eliminated  the  major  dis- 
advantages of  the  tight-line  method  of  operation.  The  high  cost  of  Installation,  opera- 
tion. and  maintenance  of  the  additional  storage  tanks  required  for  either  a regulation 
or  flout-tankuge  method  of  operation  cannot  be  justified  Tor  commercial  applications, 

The  nuture  of  military  pipeline  operations  und  the  necessity  to  use 
equipment  huving  lower  Inherent  reliabilities  thun  commercial  pipeline  equipment  tend 
to  increase  the  attractiveness  of  flout-  or  regulation-tankage  operutlon.  However,  uny 
udvuntuges  in  operational  effectiveness  offered  by  the  flout-  or  rcgulution-tunkuge 
methods  of  operation  ure  offset  by  the  lesser  umounts  of  construction  time  und  con- 
struction, operutlon,  und  maintenance  personnel  and  equipment  required  fora  tight- 
line  pipeline.  This  Is  demonstrated  by  the  average  net  values  computed  in  Tubles  3.  4, 
und  5. 


From  Tuble  3,  the  uveruge  net  value  for  the  tight-line  method  of  pipe- 
line operutlon  is  +31.7.  Using  the  NSIA  busic  rating  scale,  this  positive  value  equates 
to  u desiruble  rating.  From  Tuble  5,  the  regulation  tankugc  method  of  operation  hus  u 
small,  +1.7,  but  positive  uveruge  net  value.  This  smull  absolute  uveruge  net  value  indi- 
cates the  udvuntuges,  and  the  disadvantages  noguto  each  other. 

The  uveruge  net  value  of  -9,8  computed  in  Table  4 corresponds  to  a 
slightly  undesirable  rating  on  the  NSIA  basic  ruling  scale.  This  rutlng  is  undesirable 
only  when  eompured  to  the  other  two  alternatives  considered,  Tills  ruling  should  not 
he  construed  to  indicutc  the  flout-tankuge  method  of  operutlon  Is  unacceptable  for 
military  pipelines. 


The  tight-line  method  of  pipeline  operation  is  the  method  of  operation 
used  throughout  the  remainder  of  this  study.  This  upproueh  is  taken  recognizing  con- 
version of  a tight-line  operation  to  a float-  or  regulation  tankage  operation  is  possible 
by  simply  udding  storage  tanks  and  flood-und-trunsfer  pumps  at  ouch  booster  pumping 
station. 


7.  Pump  Stations.  The  pump  stutlons  are  litcrully  the  heart  of  a pipeline 
system.  Design  of  an  integrated  pipeline  system  requires  cureful  matching  of  pump 
station  performance  to  pipeline  flow  characteristics.  In  the  selection  of  the  pump  sta- 
tion design  best  suited  for  military  pipeline  application,  it  is  necessary  to  evaluate  the 
alternative  types  of  pumps  and  prime  movers  available  and  to  determine  the  optimum 
number  of  pump  units  per  station. 

a.  Types  of  Pumps.  Pump  types  are  determined  by  the  method  used  for 
converting  mechanical  energy  (power)  to  hydraulic  energy  (flow  and  pressure).  The 
broadest  division  is  on  the  busis  of  displacement,  either  positive  or  varluble  (non- 
positive) displacement.  Much  revolution  of  a positive  displacement  pump  displaces  u 
fixed  quantity  of  liquid.  The  amount  of  liquid  displaced  by  each  revolution  of  a 
vuriuble  displacement  pump  is  u function  of  numerous  operuting  parameters. 

Types  of  positive  displacement  pumps  include: 

DIuphrugm  or  bellows. 

Geur  (internal  and  external). 

Peristultic. 

Lobed, 

Piston  (radial,  axial,  and  eccentric). 

Plunger  (radial,  axiul,  and  eccentric). 

Screw. 

Swash-plate. 

Vunc  (guided,  sliding,  and  swinging). 

Only  piston-  uml  plunger-type  positive  displacement  pumps  have  seen 
any  significant  application  in  the  pipeline  industry.  The  principal  advantage  of  piston 
and  plunger  pumps  is  their  inherent  high  mechanical  efficiency.  The  principal  dls- 
udvuntugos  of  these  pumps  are:  they  are  expensive,  heavy,  and  bulky,  und  they  deliver 
a pulsating  How.  Most  other  types  of  positive  displacement  pumps  are  not  well  suited 
to  pipeline  applications  because  of  limitations  on  available  flow  rates  and  discharge 
pressure. 


To  uttuin  their  high  efficiencies,  positive  displacement  pumps  must  be 
designed  with  dose  internal  working  clearances.  As  u result,  any  solid  contaminants  in 
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the'  liquul  lu*inp  pumped  produces  high  wear  rates  and  often  causes  premature  pump 
failure.  For  t Iris  reason,  positive  displacement  pumps  are  not  considered  suitable  for 
military  pipeline  service. 

Traditionally,  militury  pipeline  pumps  huve  been  vuriable-dlsplucement* 
type  centrifugul  designs.  In  its  pure  form,  a eentrifugu!  pump  is  an  impeller  composed 
of  a number  of  curved  vanes  radiating  off  a hub  enclosed  by  a circular  pumping 
chamber.  As  the  liquid  enters  the  center  or  eye  of  the  impeller,  it  is  swept  up  by  the 
leudlng  edge  of  the  vanes.  The  centrifugal  force  created  by  the  liquid  being  forced  to 
rotute  with  the  impeller  slings  the  liquid  to  the  outside  of  the  impeller.  At  the  outside 
diameter  of  the  impeller,  the  pump  case  gathers  the  liquid  and  directs  it  toward  the 
pump  outlet  converting  the  additional  velocity  imparted  to  the  liquid  by  the  impeller 
to  hydraulic  energy  or  pressure.  Since  flow  through  centrifugal  pumps  is  from  the 
center  of  the  Impeller  outward  from  the  axis  of  rotution,  they  ure  ofteh  referred  to  as 
radial-flow  pumps. 

By  locating  u propeller  or  fun-shuped  Impeller  in  u fluid  passage,  energy 
can  be  imparted  to  the  fluid  by  rotation  of  the  impeller,  in  this  case  the  direction  of 
flow  Is  parallel  to  the  axis  of  rotution.  Hence,  this  type  of  pump  is  referred  to  as  un 
uxiul-flow  pump.  Although  the  pumping  action  is  not  a result  of  centrifugul  force, 
axial-flow  putnps  ure  included  in  the  broad  classification  of  centrifugal  pumps.  This  Is 
u convenient  grouping  since  the  pumping  uction  und  performance  characteristics  ure 
somewhat  similar  to  u true  centrifugul  pump. 

Combining  some  of  the  design  principles  of  radlul-flow  and  axial-flow 
pumps  produces  u pump  which  generates  the  pumping  action  purtly  by  centrifugul 
force  und  purtly  by  propeller  uction.  Pumps  of  this  type,  known  us  mixed-flow  pumps, 
cun  develop  higher  discharge  pressures  than  straight  propeller-type  pumps  und  handle 
lurger  volumes  more  efficiently  than  true  centrifugal  pumps. 

The  term  "centrifugul  pump"  us  used  herein,  unless  otherwise  specified, 
includes  radial-flow,  mixed-flow,  and  axial-flow  pumps,  The  pump  design  theory  used 
to  determine  the  propeller/impeller  vane  shape  which  will  produce  the  required 
performance  characteristics  is  well  established  und  documented  in  detail  in  the  techni- 
cal literature.  Thus,  this  investigation  addresses  the  performance  characteristics  of 
centrifugal  pumps  only  to  the  extent  necessary  for  cost  and  operational  effectiveness 
unulysis. 


As  noted  earlier,  the  desired  performance  characteristics  for  a pump 
operating  under  normal  conditions  arc  used  to  determine  the  physical  design  feutures 
of  u centrifugal  pump  intended  for  u specific  application.  If  actual  operating  condi- 
tions are  different  from  the  design  parameters,  u centrifugal  punip  adjusts  its  per- 
formance to  match  the  existing  conditions.  Similarly,  the  performance  characteristics 
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of  a centrifugal  pump  can  ho  altered  by  changing  the  pump  rotational  speed.  As  dis- 
cussed in  subsequent  sections  of  this  report,  these  two  characteristics  make  centrifugal 
pumps  extremely  well  suited  for  military  petroleum  pipeline  systems. 


The  BFFS  study  conducted  by  CORG  for  the  U,S.  Army  Combat 
Developments  Command  includes  a detailed  analysis  of  the  suitability  of  eentrlfugul 
pumps  for  militury  pipeline  service.  This  study11  concluded: 

because  of  the  muny  udvuntugcs  of  the  centrifugal  Impeller  pump  such  as  light  weight, 
small  size,  ubillty'to  pump  purtlcie-contuminated  fuel,  ami  low  cost,  It  Is  recommended 
lor  pipeline  pumping  applications. 

This  recommendation  is  supported  by  the  use  of  centrifugal  pumps  almost  exclusively 
by  Industry  for  petroleum  product  pipelines.  There  Ituvc  been  no  significant  changes 
in  pump  technology  since  the  BPFS  study  wus  completed  in  1969,  Thus,  without 
further  comparative  unalysis,  centrifugal  pumps  are  accepted  in  this  investigation  as  the 
best  type  of  pumps  for  militury  pipelines. 

b.  Prime  Movers,  A variety  of  prime  movers  suitable  for  driving  pipeline 
pumps  are  available.  The  pipeline  Industry,  dominated  for  muny  years  by  the  diesel 
engine,  recently  hus  seen  substantial  gains  in  the  popularity  of  electric-motor*  and  gas- 
turbine-engine-driven  pumps.  The  selection  of  prime  movers  for  commercial  petroleum 
product  pipeline  pumps  is  usually  bused  on  an  economic  unalysis.  In  each  case,  the 
required  pump  performance  characteristics  uru  well  defined  and  all  available  energy 
sources  can  be  identified,  In  contrast,  military  pipeline  pumps  arc  designed  to  sutisfy 
a broud  range  of  generul  requirements  allowing  the  pumps  to  be  used  In  a variety  of 
applications.  Since  pump  stution  locutions  are  unknown,  the  alternative  energy  sources 
must  be  limited  to  those  fuels  that  the  military  plans  to  have  available. 

( I ) Electric  Motors,  Floetrlc-motor-d riven  pumps  have  u lower  Initial 
cost,  ure  smaller  in  size,  weigh  less,  have  u higher  reliability,  require  less  maintenance, 
und  arc  more  readily  adapted  to  automuted  systems  than  pumps  driven  by  any  other 
type  of  prime  mover,  When  u continuous  supply  of  low-cost  electricity  is  available 
from  u rcliuble  electrical  power  distribution  system,  electrie-motor-drlven  pumps  are 
clearly  the  best  choice.  The  low  probability  of  an  adequate  electric  power  supply 
line  being  readily  available  ut  the  desired  pump  station  locations,  particularly  in  foreign 
countries,  makes  electric-motor-driven  pumps  an  Impruetlcal  consideration  for  military 
application. 


K,  Dunn  Cieurye  ul  ul,  Bulk  Petroleum  Facilities  and  System/  (BPFS)  - IV7CI-198S , Annex  B,  Pert  II,  Industry 
hqul/ment  Survey;  Cumbul  Operation*  R«»o»rch  tlmup,  Technical  Operation!,  Inc. ; Alexandria,  Vlryinln; 
November  19ft  9. 
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I'hc  alternative  to  line  power  is  to  use  engine-generator  sets  to 
generate  the  eleetrieal  power.  This  is  an  impractical  approach  because  ol  the  unneces- 
sary loss  of  efficiency  introduced  to  the  system  and  the  cost  of  nonessential  equip- 
ment. If  an  engine  is  to  be  the  primary  source  of  power,  the  engine  cun  drive  the 
pumps  eliminating  the  need  for  electric  motors  and  generators. 

A disadvantage  of  electric-motor-driven  pumps  occurs  when  it  is 
desirable  to  vary  pump  operating  speeds  to  meet  changes  in  operational  requirements. 
Vurlublc-specd  electric  motor  controls  are  expensive,  have  lew  efficiencies,  and  are 
complicated.  An  alternative  to  vuriuble-specd  motors  is  to  equip  euch  pump  stution 
with  scvcrul  pumps  of  vurying  capacities  and  discharge  lieuds.  Manifolding  these  pumps 
together  so  they  can  be  operated  in  vurlous  parallel  und/or  series  configurations  allows 
choosing  the  combination  of  pumps  that  most  nearly  meets  the  desired  operating 
conditions. 


A less  desirable  upproueh  for  vurying  the  discharge  conditions  for 
u fixed-speed  electric-motor-driven  pump  stution  Is  to  install  a throttle  valve  in  the 
discharge  line.  This  ullows  infinitely  variable  discharge  conditions  achieved  through  an 
inefficient  sacrifice  of  discharge  pressure.  At  bust,  the  need  for  variuble  control  of  the 
discharge  from  un  electric-powered  pumping  station  will  result  in  increased  cost  and 
complexity  of  operation. 

(2)  Gasoline  Engines.  In  terms  of  sheer  numbers,  the  reciprocating 
piston,  spiirk-ignltlon  lnternul  combustion  engine  is  the  prime  mover  most  widely  used 
toduy  for  mobile  or  portubic  equipment  applications.  More  commonly  referred  to  us 
gasoline  engines,  they  are  produced  by  numerous  manufacturers  in  a wide  variety  of 
sizes  with  power  ratings  up  to  200  hruke  horsepower  (blip).  Industrial  models  of 
gasoline  engines  are  avuilublu  from  u lew  manufacturers  with  power  ratings  up  to  300 
blip. 


In  the  power  rungo  below  30  blip,  neurly  all  engines  In  use  toduy 
are  spark-ignition,  burning  gusolinc.  Muny  of  these  small  engines  urc  uir  cooled  for 
simplicity  and  to  reduce  their  weight,  size,  and  cost.  The  relative  low  initial  cost  of 
gasoline  engines  muke  It  extremely  difficult  for  other  types  of  engines  to  be  competi- 
tive for  applications  where  power  requirements  are  low  und  the  cost  of  the  fuel  con- 
sumed is  not  un  overriding  fuctor  In  the  total  life  cycle  cost, 

Gusolinc  engines  are  comparatively  simple  to  operate,  Although 
regular  maintenance  is  required  to  keep  them  operating  properly,  they  are  relatively 
easy  to  maintain.  The  recent  Introduction  of  electronic  ignition  systems  on  some  guso* 
line  engines  has  greatly  reduced  the  required  maintenance  but  adds  to  the  complexity 
of  the  ignition  system,  Electronic  fuel  Injection  and  super  charging  cun  be  added  to 
gusolinc  engines,  but  the  gains  in  performance  do  not  justify  the  associated  increase 
in  cost  und  complexity. 
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( in  so  line  engines  operate  well  over  a broad  range  of  speeds  and 
under  varying  load  conditions.  They  operate  most  efficiently  at  rated  speed  and  power 
selling  but  do  not  suffer  excessive  losses  in  efficiency  at  low  speeds  and  under  partial 
loads. 


Although  there  is  no  definitive  Army  policy  in  this  matter,  the 
trend  toduy  is  away  from  using  gasoline  engines  on  now  Items  of  military  equipment. 
The  goal  is  greuter  fuel  economy  und  reduction  of  the  number  of  types  of  fuels  used, 
tnformul  guidance  furnished  by  TRADOC  indicates  thut  no  future  pipeline  pumps 
should  be  powered  by  gasoline  engines.  On  this  basis,  gusolinc-engine-drlven  pumps  are 
not  considered  in  this  study  even  though  some  data  are  presented  for  comparison 
purposes. 


(J)  Diesel  Engines.  Reciprocuting  piston,  compression-ignition, 
intcrnui-conihustion  engines,  better  known  us  diesel  engines,  are  rapidly  replacing 
gasoline  engines  for  most  applications  other  titan  for  very  low  power  service,  passenger 
curs,  and  other  light  vehicles.  In  the  power  range  above  30  blip,  diesel  engines  ure 
competitive  with  gasoline  engines,  particularly  for  operations  requiring  long  life, 

Medium-duty,  high-  und  medium-speed  industrial  engines  runglng 
in  horsepower  output  from  the  very  smull  engines  to  In  excess  of  1200  blip  are  avail- 
able from  the  major  diesel  engine  manufacturers.  In  general,  these  diesel  engines  weigh 
from  1.5  to  2.5  times  us  much  as  comparable  gasoline  engines  and  muy  cost  3 times 
us  much.  However,  diesel  engines  ure  much  more  rugged  and  relluble  tliun  gasoline 
engines:  they  have  the  ability  to  operute  for  long  periods  with  little  or  no  maintenance 
utul  require  fewer  overhauls  during  a substantially  longer  service  life  than  do  gasoline 
engines. 


Stundurd  models  of  heuvy-duty,  low-speed  diesel  engines  ure  uvuil- 
uble  wi,lt  power  ratings  exceeding  10,000  blip.  Special  murine  und  stutlonury  versions 
muy  exceed  40,000  blip,  Produced  by  only  u few  manufacturers,  the  smaller  sizes  of 
these  engines  muy  weigh  twice  us  much  us  comparable  medium-duty  diesel  engines  and 
the  cost  may  be  several  orders  of  magnitude  higher.  The  major  advantages  of  these 
heuvy-duty  units  Include  their  low  specific  fuel  consumption  and  the  ubility  to  operate 
continuously  for  periods  at'  3 to  5 years  before  requiring  overhaul.  Designed  to  with- 
stand repeated  overhauls,  these  large  engines  virtually  huve  ail  infinite  service  life, 

Because  of  their  immense  size  und  weight,  it  is  frequently  neces- 
sary to  ship  the  large  heuvy-duty  diesel  engines  to  the  installation  site  purtiully  dis- 
assembled. Thus,  these  units  ure  impractical  for  use  other  than  ut  permanent  Installa- 
tions. 
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Current  production  of  diesel  engines  offers  a wide  choice  of 
models  and  designs  for  every  power  requirement  throughout  the  range  from  a few 
horsepower  to  tens  of  thousands  of  horsepower.  The  unique  feature  of  diesel  engines 
is  that  over  their  entire  power  range,  they  have  a comparatively  high  efficiency.  This 
high  efficiency  is  a major  advantage,  since  each  diesel  engine  may  be  operated  at  any 
power  setting  und  ut  varying  speeds  with  little  or  no  loss  of  efficiency.  No  other  type 
of  prime  mover  can  claim  this  capability.  As  a result,  the  diesel  engine  Is  superior 
where  fuel  economy  is  important,  particularly  If  operating  conditions  Include  varying 
loads  und  speeds 


Most  research  and  development  effort  over  recent  years  has  beer 
devoted  to  increasing  the  power  output  from  a given  displacement,  improving  fuel 
consumption,  and  increasing  engine  reliability  and  service  time  between  overhauls.  The 
detnund  for  higher  specific  power  outputs  and  increased  efficiencies  have  been  met  by 
design  changes  which  have  Increased  the  mechanical  and  thermal  stresses  on  the  engine 
structures.  However,  the  availability  of  improved  materials  and  lubricants  has  allowed 
advances  in  these  areas,  accompanied  by  improvements  in  engine  reliability  and  longer 
periods  of  operation  before  overhaul. 

Predictions  for  future,  improvements  of  diesel  engines  reflect  in- 
creases of  20  to  25  percent  in  power  output  for  u given  displacement  with  no  signifi- 
cant increase  in  weight  or  loss  in  economy,  reliability,  or  service  life.  Drastic  changes 
in  diesel  engine  designs  and  performance  characteristics  are  not  foreseen  in  the  near 
Future.  However,  breakthroughs  may  be  reulized  through  the  use  of  concepts  such  us 
variable-compression  ratios  or  free-piston  engines. 

(41  Gas-Turbine  Engines.  The  gcs-turbinc  engine  gained  its  first  real 
success  as  u prime  mover  lute  in  World  War  II  as  it  rapidly  took  over  the  aircraft  pro- 
pulsion field.  Characteristics  of  the  gas-turbine  giving  it  reudy  acceptance  by  the  air- 
craft industry  were  u high  power-to-weight  ratios,  good  reliability,  and  low  mainte- 
nance. These  advantages  were  considered  to  override  the  reputution  of  gus-turbincs 
for  high  fuel  consumption,  particularly  at  less  than  lull-loud  conditions. 

The  pipeline  industry  became  the  first  significant  user  of  gas- 
turbine  engines  outside  the  aircraft  industry  when  lit  Puso  Nuutrul  Gas  Co.  installed 
2b  gas-turbine-driven  compressors  on  a gas-transmission  pipeline  curly  in  the  1950’s, 
Low-cost  fuel  available  from  the  pipeline,  low  initial  cost,  ease  of  installation,  reduced 
maintenance,  and  suitability  for  remote  control  mude  the  gas-turbine  engines  competi- 
tive with  other  types  of  prime  movers  where  power  requirements  were  high. 

Since  that  time,  gus-turbinc  engines  have  gained  wide  acceptance 
in  gus-trunsmission  pipelines  with  62.9  percent  of  the  installed  horsepower  being,  gas- 
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turbine  power  by  1971. 12  (ms-transmission  pipelines  are  an  ideal  application  lor  gas- 
turbine  engines  because  large  centrifugal  and  axial-flow  compressors  can  be  driven  at 
the  turbine  shaft  speed.  The  high  output  shaft  speed  of  the  gas-turbine  must  be 
reduced  substantially  to  be  compatible  with  liquid  pipeline  pump  rotating  speeds. 
Despite  tlie  need  for  gear  speed  reducers,  the  gas-turbine  has  acquired  a part  of  the 
liquid  pipeline  pump  market,  although  acceptance  as  a pump  drive  has  been  sub- 
stantially slower  than  for  driving  gas  compressors. 

The  greatest  acceptance  of  the  gas-turbine  by  the  pipeline  industry 
hus  been  for  offshore  applications  where  the  high  power-to-weiglit  ratio,  low  vibration, 
high  reliability,  low  maintenance  requirements,  and  suitability  for  remote  operating 
techniques  including  control,  condition-monitoring  und  failure-detection  systems  are 
important.  The  rapid  rise  in  fuel  costs  since  1973  has  made  the  high  fuel  consumption 
rates  for  gas-turbines  u more  significant  factor  In  the  total  life  cycle  cost  of  a unit  and 
hus  tended  to  reduce  the  rate  of  acceptance.  However,  during  this  same  period  a sub- 
stantial increase  in  the  use  of  gas-turbines  for  electric-power  generation  hus  resulted  in 
production  economics  reducing  the  initial  acquisition  cost. 

The  use  of  turbine  engines  for  electric-power  generation  began  to 
grow  rapidly  following  the  Northeast  blackout  in  November  1965.  By  using  standard 
gus-furbine  mechanical-drive  puckuges  to  achieve  production  cost  suvings,  gas-turbine 
eiV--»  became  cost  competitive  with  other  types  of  prime  movers  for  generating 
electrical  power  during  periods  of  peak  power  consumption  und  to  meet  temporary 
und  emergency  power  generation  requirements.  As  power  demands  have  grown  faster 
than  new  fossil  fuel  und  nuclear  power  plunts  have  been  completed,  many  gas-turbine 
peaking  units  have  been  forced  into  service  for  longer  periods  than  anticipated  for 
normal  pouking  services.  This  experience  hus  shown  the  large  gus-turbine  engines  to  be 
cost  competitive  in  many  applications. 

Tlie  gas-turbine  engines  being  marketed  today  us  standard  models 
include  u mixture  ot  heavy-duty  units  designed  specifically  for  industrial  applications 
and  of  aircraft  engines  modified  for  industrial  use.  Most  of  these  engines  have  continu- 
ous power  ratings  in  excess  of  1.000  blip,  There  are  few  commercial  models  of  gas- 
turbine  engines  uvuilublc  with  continuous  power  ratings  below  500  blip,  and  the  selec- 
tion is  only  slightly  better  in  the  power  range  from  500  to  1000  blip. 

The  efficiency  of  gas-turbine  engines  drops  rapidly  when  they  are 
being  operated  under  loads  less  than  85  percent  of  the  maximum  continuous  power 
ratings.  Thus,  it  behooves  the  equipment  designer  to  select  a gas-turbine  engine  having 
a continuous  power  rating  matched  closely  to  the  normal  operating  load,  This  Is 
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frequently  precluded  hy  the  lack  of  standard  models  in  many  power  ranges.  The  liijih 
cost  of  engine  development  makes  it  impractical  to  develop  a new  gas-turbine  engine 
for  a specific  application  unless  a high  utilization  of  the  engine  can  be  foreseen.  Both 
gasoline  and  diesel  engines  enjoy  a decided  advantage  in  this  respect  because  (u)  their 
efficiency  is  not  reduced  significantly  when  operating  under  partial  loud  and  (b)  there 
ure  numerous  standard  models  uvuilublo  with  virtually  uny  continuous  power  ruling 
that  may  be  required. 

(5)  Engine  Derating  Factors.  The  performance  of  un  intcrmil- 
combustion  engine  vurics  with  altitude  and  temperature.  Engine  manufacturers  typi- 
cally provide  brake  horsepower  rating  data  corrected  to  SAH  test  code  J-816A  standard 
conditions  of  500  feet  altitude  und  85°F  ambient.  Seu  level  and  60° F ambient  is 
another  set  of  conditions  frequently  used  for  rating  engines,  in  either  cgse,  the  engines 
must  be  derated  to  account  for  the  loss  in  power  which  results  If  the  engine  is  operated 
at  a higher  temperature  and/or  altitude  than  rating  conditions. 

The  recommended  derating  factors  vary  between  types  of  engines 
as  well  as  between  manufacturers  of  the  same  type  of  engines,  The  derating  factors 
for  gasoline  engines  und  naturally  aspirated  diesel  engines  follow  the  same  general 
puttern.  The  most  conservative  procedures  recommended  for  these  engines  require 
derating  3 percent  for  euelt  1 ,000  feet  above  sea  level  and  1 percent  for  each  10  degrees 
above  60°F.  A lew  manufacturers  indicate  that  no  derating  Is  required  up  to  5,000 
feet  altitude  and  85°F.  The  most  common  practice  for  derating  i:isollne  engines  and 
naturally  aspirated  diesel  engines  Is  to  reduce  the  standard  values  by  3 percent  for  eueh 
1 ,000  feet  ubove  500  feet  altitude  and  I percent  for  each  10  depicts  above  85°F. 

Turbocharging  a diesel  engine  overcomes  much  of  the  effect  of 
higher  altitudes.  As  a result,  the  recommended  derating  fuetors  are  less  than  for 
naturally  aspirated  engines.  A significant  number  of  manufacturers  do  not  require 
derating  ut  altitudes  and  temperatures  up  to  5000  feet  and  85°F,  The  lurgest  derating 
factors  identified  for  turbocharged  engines  ure  2 percent  for  eueh  1000  feet  of  altitude 
ubove  seu  level  and  I percent  for  each  10  degrees  above  (>Q°T, 

Gas-turbine  engines  suffer  the  greatest  loss  in  power  output  due  to 
increased  temperatures  and  higher  altitudes.  In  addition,  air  filters  which  produce  inlet 
losses  and  exhaust  gas  silencers  ouuslng  buck  pressure  add  significantly  to  the  required 
derating  factors,  An  altitude  correction  factor  of  0.75  Is  representative  of  most  manu- 
facturers recommended  derating  ut  5000  feet  altitude  und  85°F.  In  addition,  the 
ratings  taken  ut  atmospheric  pressure  must  be  further  reduced  by  approximately  0,5 
percent  for  each  Inch  of  water  pressure  loss  ut  the  turbine  inlet  or  buck  pressure  at  the 
turbine  exhaust.  It  I:;  unlikely  that  these  pressure  losses  cun  be  kept  below  ft  inches  of 
water  representing  an  additional  power  reduction  of  approximately  3 percent.  Thus,  u 
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power  correction  factor  of  0.72  is  representative  of  the  rei|tiireil  derating!  for  a gas- 
Ht r hi ne  capable  of  operating  at  allitiules  up  to  5000  feet. 

c.  Performance  Characteristics  of  Centrifugal  Pumps,  Although  a vuriety 
of  factors  determine  the  performance  characteristics  of  u centrifugal  pump,  pump  per- 
formance is  usually  defined  by  four  parameters  common  to  ull  pump  designs: 

( 1 ) Capacity  is  the  rate  of  low,  usually  expressed  in  gallons  per  minute. 

(2)  i Head  or  Total  Dynumie  Heud  (TDH)  Is  the  totu!  pressure  Increase 
produced  by  the  pump,  most  conveniently  expressed  as  the  height,  in  feet,  to  which 
the  pump  cun  lift  the  fluid  being  pumped. 

(.1)  Specific  speed  is  a dimensionless  number  that  describes  the  Inter- 
nal geometry  of  the  pump. 

(4)  Net  positive  suction  head  (NPSH)  is  a measure  of  the  energy  con- 
ditions of  the  fluid  us  it  enters  the  suction  side  of  the  pump,  usually  expressed  in  feet 
of  fluid,  absolute. 

Variation  of  the  heud  with  capacity  at  u constant  speed  is  called  the 
pump  characteristics,  In  uddltion,  the  characteristics  of  u pump  Include  the  relation- 
ship of  pump  efficiency  and  the  brake  horsepower  required  to  drive  the  pump.  Any 
chungc  in  the  flow  characteristics  of  the  system  in  which  u centrifugal  pump  is  oper- 
ating will  be  accompanied  by  a change  in  capacity,  head,  brake  horsepower,  and 
efficiency.  When  the  pump  spued  is  changed,  the  pump  performance  characteristics 
change.  These  phenomena  are  illustrated  in  Figure  8 by  the  performance  curves  for  the 
military  stundurd  4-inch,  four-stage  pump  when  operating  at  1 800  und  2000  rpm. 

The  variation  of  head,  capacity,  and  bruke  horsepower  follow  definite 
affinity  laws.  These  rules  ure: 

( 1 ) The  capacity  of  a pump  changes  in  direct  proportion  to  the  speed 
of  the  pump.  Doubling  the  pump  speed  doubles  the  capacity. 

(2)  The  head  developed  by  a pump  changes  directly  as  the  square  of 
the  speed,  Doubling  the  pump  speed  increase  the  head  by  u factor  of  four  (2J ). 

(31  The  brake  horsepower  required  to  drive  a pump  increases  in  direct 
proportion  with  the  cube  of  the  speed,  Doubling  the  speed  Increases  the  brake  horse- 
power by  a factor  of  eight  (23 ). 
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Figure  8.  Performance  characteristics  of  a 4-Inch,  four-stage  pump, 


For  example,  consider  u pump  which  would  deliver  1,000  gpm  ut  500 
feet  of  hend  and  require  IdO  blip  when  operating  ut  1,800  rpm.  The  performunee  of 
this  pump  If  driven  ut  2,000  rpm  would  be  determined  us  follows: 

( 1 ) Since  capacity  varies  directly  with  speed,  the  rute  of  (low  ut  2000 
rpm  would  equul  1,200  gpin  x (2,000/1,800).  or  1,1 1 1 gpm. 

(2)  Increasing  the  head  in  proportion  to  the  square  of  the  speed,  the 
Itcud  at  2,000  rpm  would  he  500  x (2,000/1, 800)1  or  61 7 feet, 

(3)  Increasing  the  brake  horsepower  by  a ratio  equal  to  the  cube  of 
the  change  in  speed  finds  the  new  required  brake  horsepower  equals  160  x (2,000/ 
1.800)',  or  21  y blip. 

Tile  first  step  in  the  selection  of  a centrifugal  pump  for  a particular 
application  Is  to  determine  the  required  rate  of  How  and  pressure  rise.  These  per- 
formance requirements  arc  usuuily  established  by  the  system  requirements.  The  next 
step  is  to  establish  the  pump  operating  speed.  If  the  pump  is  to  be  close-coupled  to  the 
prime  mover,  the  speed  will  he  determined  by  the  prime  mover  selected  to  drive  the 
pump.  Cionerully  a gear-type  speed  Increuser  or  deereuser  cun  be  used  between  the 
prime  mover  ant!  the  pump  to  obtain  u more  desirable  pump  speed. 


tions  (i.e..  capacity,  head,  and  impeller  rotating  speed)  are  used  to  determine  the  basic 
physical  design  features  of  the  pump.  As  defined  previously,  specific  speed  is  u dimen- 
sionless number  that  describes  the  internal  geometry  of  a centrifugal  pump.  The  speci- 
fic speed  value  is  the  same  for  all  centrifugal  pumps  of  the  same  geometric  shape, 
regardless  of  size.  The  formula  for  computing  specific  speed  (N,)  is: 

n.  - m. 


where:  | 

N ■ Impeller  rotational  speed,  rpm.  1 

Q ■ (low  rate,  gpm.  a 

H ■ pressure  developed  by  the  pump,  feet  of  fluid.  | 

The  impeller  vane  shapes  for  vurious  specific  speeds  illustrated  in  | 

Figure  9 provide  the  most  efficient  pump  performance,  in  general,  the  higher  the  | 

impeller  rotational  speed,  the  smaller  the  pump  can  be  and  still  develop  the  required  | 

discharge  pressures.  The  cost  and  weight  of  a pump  are  a direct  function  of  the  size.  | 

Therefore,  it  is  desirable  to  design  centrifugal  pumps  using  the  highest  specific  speed  ] 

consistent  with  otlter  system  performance  requirements, 
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Figure  9,  Impeller  vane  shape  versus  specific  speed, 


The  upper  limit  for  specific  speed  Is  usually  a function  of  net  positive 
suction  head  (NPSH).  By  definition.  NPSII  is  the  pressure  ut  the  Inlet  of  the  pump 
(read  in  feet  of  liquid  and  corrected  to  the  pump  centerline),  minus  the  vapor  pressure 
of  the  liquid  ut  the  pumping  temperature,  plus  the  velocity  heud  of  the  liquid  ut  the 
pump  inlet.  Two  NPSH  vulues,  required  und  available,  must  be  considered. 

The  available  NPSII  Is  u characteristic  of  the  system  in  which  the  pumps 
are  located  and  is  the  difference  between  the  absolute  pressure  ut  the  pump  Inlet  and 
the  vapor  pressure  of  the  liquid.  Available  NPSH  muy  Include  the  effects  of  utmo- 
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spheric  pressure,  static  head  clue  to  difference  in  elevutions  in  the  suction  munifold, 
and  pressure  from  other  pumps  located  upstream  in  the  pipeline  system. 

A liquid  must  he  pushed  into  the  impeller  of  a centrifugal  pump.  The 
required  NPSH  is  the  pressure,  In  feet  of  liquid,  at  the  pump  inlet  required  to  push  the 
liquid  into  the  Impeller  at  the  required  rate  of  flow,  The  required  NPSH  is  a function 
of  pump  design  and  must  be  determined  by  testing.  Although  there  Is  no  simplified 
method  for  determining  the  required  NPSH,  there  ure  some  known  relationships.  l?or 
u given  geometric  shupe  and  size,  required  NPSH  varies  in  direct  relation  with  specific 
speed. 


Unless  the  available  NPSH  exceeds  the  required  NPSH,  cavitation  will 
occur  in  the  inlet  of  the  pump.  When  this  happens,  small  vapor  bubbles  form  in  the 
liquid  in  the  low-pressure  area  of  the  pump  suction.  As  the  liquid  pusses  through  the 
pump,  tlie  increasing  pressure  causes  these  vapor  bubbles  to  collapse.  The  results  ure 
usuully  a drop  in  pump  capacity,  discharge  pressure,  and  efficiency  accompanied  by 
severe  pitting  and  erosion  of  the  impeller  vanes.  Therefore,  it  is  imperative  the  suction 
pressure  at  the  inlet  to  euch  pump  be  equal  to  or  greater  than  the  required  NPSH. 

The  most  efficient  pipeline  design  is  bused  on  operating  at  the  highest 
pump  disciiurge  pressure  possible  within  the  safe  limits  of  the  pipeline  and  the  lowest 
possible  pressure  ut  the  inlet  to  pump  stations.  The  difference  between  these  two  pres- 
sures determines  the  allowable  pressure  loss  between  pump  stutions.  Since  pressure 
loss  through  u pipeline  at  a given  flow  rate  is  u function  of  line  length,  the  maximum 
allowable  pressure  drop  between  pump  stutions  provides  the  maximum  spucing 
between  pump  stations, 

From  the  proceeding  discussion  it  becomes  evident  there  is  conflict 
between  pump  and  pipeline  design  goals  regarding  NPSH.  In  pump  design,  the  goul  Is 
to  use  the  highest  possible  specific  speed  to  minimize  pump  size,  weight,  and  cost. 
Since  the  required  NPSH  increases  with  specific  speed,  the  incentive  in  pump  design  is 
toward  high  NPSH  values.  In  contrast,  efficient  pipeline  design  demands  minimizing 
the  required  NPSH.  As  u result,  u tradeoff  of  NPSH  requirements  must  be  made  to 
determine  the  most  effective  system  design. 

In  the  simplest  form,  u centrifugal  pump  would  be  u single  Impeller 
with  the  capability  to  develop  the  total  pressure  rise  desired  across  the  pump.  Many 
single-impeller  pumps  ure  used  for  low-pressure  applications,  However,  high-pressure 
pipeline  operational  requirements  normuiiy  exceed  the  performance  capability  of 
single-impeller  pumps,  The  desired  performance  is  then  uchlevcd  by  using  two  or  more 
Impellers  operating  In  series  or  parallel.  Tills  muy  he  accomplished  by  Including  more 
tliun  one  impeller  In  the  sunie  cuse  us  u multistage  pump  or  by  using  more  than  one 
pump  unit  at  u pump  station.  Normally  pipeline  throughput  requirements  impose  per- 


34 


formaneo,  maintenance,  and  reliability  requirements  that  cannot  he  satisfied  by  a single 
pump-engine  assembly. 

The  use  of  redundant  components  Is  an  effective  means  of  improving 
system  reliability.  The  effects  the  use  of  multiple-unit  pump  stations  have  on  the 
reliability  and  maintainability  of  a complete  pipeline  system  are  examined  In  paragraph 
10  of  this  report, 

When  two  or  more  pumps  of  equal  rating  are  operated  in  parallel,  the 
combined  capacity  of  the  pumps  at  any  discharge  pressure  Is  a multiple,  equal  to  the 
number  of  pumps  on  line,  of  the  capacity  of  a single  pump  operating  at  the  same  dis- 
charge pressure.  Similarly,  when  two  or  more  pumps  of  equal  rating  are  operating  In 
series,  the  combined  discharge  pressure  at  any  capacity  is  an  equal  multiple  of  the  dis- 
charge pressure  of  a single  pump  operating  at  the  same  capacity.  Figure  10  shows  the 
hcud-cupacity  curves  for  u single  pump,  two  pumps  operating  In  parallel,  and  two 
pumps  operating  in  series. 


To  determine  whether  the  maximum  How  rute  from  two  pumps  will  be 
obtained  with  the  pumps  in  series  or  parallel,  the  pump  heud-eupaeity  curves  and  pipe- 
line flow  loss  curve  must  be  plotted,  For  example,  if  curve  I , in  Figure  10  represents 
the  dynamic  How  loss  through  a pipeline,  the  maximum  flow  rate  will  be  obtained  if 
the  pumps  are  operated  in  parallel  at  the  intersection  of  curve  L(  with  the  head-cupueity 
curve  for  two  pumps  in  parallel.  If  the  discharge  end  of  the  pipeline  is  elevated  to  u 
height  H above  the  pump  station,  the  total  dynamic  head  loss  through  the  pipeline  is 
represented  by  curve  La.  Under  these  conditions,  the  flow  rutc  would  be  the  sume  for 
both  purallel  or  series  pump  operation  since  the  flow  loss  curve  intersects  the  pump 
heud-capucity  curves  at  their  intersection  point.  Elevating  the  discharge  end  of  the 
pipeline  to  a height  of  2H  above  the  pump  station  shifts  the  total  dynumic  heud  loss 
through  the  pipeline  up  to  curve  Lj,  The  highest  flow  rate  would  then  occur  if  the 
two  pumps  were  operuted  in  series  at  tile  intersection  of  curve  L4  and  the  head* 
capucity  curve  for  two  pumps  operating  In  series,  Thus.  If  the  normal  rate  of  flow  lies 
to  the  left  of  the  intersection  of  the  purallel  and  series  heud-capucity  curves,  the 
highest  How  rate  will  result  if  the  pumps  urc  in  scries.  If  the  normal  rutc  of  flow  lies 
to  the  right  of  the  intersection  of  the  parallel  und  series  heud-cupuelty  curves,  purullcl 
operations  will  result  In  the  highest  rate  of  flow. 

In  Figure  9,  a shift  in  operating  conditions  from  curve  L|  to  L would 
result  In  u smuller  change  in  flow  rutc  if  the  pumps  were  operating  in  series  rather  than 
purallel.  At  the  sume  time,  the  chungc  in  operating  pressure  would  be  the  greatest  if 
the  pumps  were  in  scries.  Thus,  under  vurluble  flow  conditions,  series  pump  opera- 
tion provides  the  most  stublc  rute  of  flow,  while  purallel  operation  achieves  u more 
stable  operating  pressure,  From  tills  comparison  it  is  uppuront  that  the  stability  of  the 
rute  of  flow  und  operating  pressure  is  u function  of  the  slope  of  the  pump  heud-eapuelty 
curve.  As  a general  rule,  the  most  stable  and  efficient  pipeline  operation  Is  achieved 
with  ull  booster  pumps  operating  in  series. 

d.  Comparison  of  Pump-Engine  Assemblies.  Existing  military  pipeline 
pump  units  consist  of  pumps  which  urc  coupled  to  engines  and  mounted  on  rugged 
skid-type  bases.  Mounted  on  the  same  skid  are  ail  the  accessories,  including  the  radia- 
tor, starting  system,  controls,  etc.,  necessary  for  each  unit  to  be  entirely  self-contuined. 
This  provides  portable  units  which  ure  ready  for  operation  us  soon  us  they  cun  be 
moved  Into  position  und  connected  into  the  pipeline  pump  station  manifold,  Site 
preparation  is  limited  to  the  grading  required  to  provide  a relatively  flat  area  for  the 
pump  stution. 

The  pump  industry  hus  available  numerous  standard  models  of  pumps 
suitable  for  use  with  ull  types  of  prime  movers.  Most  of  the  major  pump  manufacturers 
include  in  their  standard  product  lines  a series  of  gusoline-engine-drlven  and  diesul- 
ungine-driven  pump  assemblies,  skid-  or  trailer-mounted  ns  self-contained  units.  This 
Includes  all  sizes  of  units  from  low-capacity  units  to  units  capable  of  flow  rates  exceed- 


inn  5.000  gal/min,  Typicully.  these  units  arc  designed  for  low-pressure  application  with 
the  maximum  operating  pressure  seldom  exceeding  125  lb/in(i) * * * 5  . These  standard  model 
pump-engine  assemblies  oiler  reliable  performance  at  a relatively  low  cost. 


Although  standard  models  are  available,  pipeline  pump-engine  assem- 
blies ure  almost  ulwuys  designed  for  each  application  to  provide  the  desired  flow  rate 
und  operating  pressures,  automatic  controls,  and  other  spcciul  features.  Most  pump 
munufucturers  modify  existing  designs  us  necessary  to  tailor  the  pump  performance  to 
a specific  application.  The  cost  of  a pump-engine  assembly  Increases  rapidly  us  speciul 
design  requirements  are  imposed.  Because  of  the  need  to  tailor  pumps  to  specific 
needs,  most  pumps  urc  produced  to  order.  Only  u few  makes  und  models  sell  in  suffi- 
cient quantities  to  Justify  the  manufacturer  maintaining  pumps  in  stock  for  off-the- 
shelf  delivery. 


Design  of  highly  efficient  pump  units  requires  cureful  matching  of 
engine  performance  to  pump  power  requirements.  Ideally,  the  power  required  to  drive 
u pump  operating  under  u fixed  set  of  conditions  would  be  equul  to  the  maximum  con- 
tinuous horsepower  rating  of  the  engine.  Thin  is  seldom  possible  becuuse  few  pump 
units  actually  operate  under  fixed  conditions  at  all  times.  For  military  applications, 
the  variables  in  operating  conditions  include  capacity,  head,  fluid,  elevation,  and 
environmental  conditions,  ull  of  which  affect  pump  or  engine  performance. 

For  the  purpose  of  the  analyses  herein,  the  following  criteria  apply  to 
ull  pump-engine  assemblies:  Although  the  pump  units  are  primarily  for  petroleum 
pipeline  service,  ull  engines  must  have  continuous  power  ratings,  when  derated  for 
operutlon  ut  5000  feet  altitude  and  85°F  unibient,  which  equul  or  exceed  the  brake 
horsepower  required  If  pumping  wuter;  ull  comparisons  of  pump  unit  cost,  weight,  and 
size  versus  brake  horsepower  ure  busod  on  the  power  required  when  pumping  wuter  at 
the  heud  und  capacity  corresponding  to  the  best  efficiency  point  of  the  pump. 

( i ) Procurement  Costs.  Tire  cost  of  pump  engine  assemblies  is  highly 
dependent  on  design  requirements,  With  application  of  the  method  of  least  squares 
for  linear  regression  analysis  to  the  list  price  of  30  standard  models  of  gasoline-engine- 
driven  pumps,  the  relationship  between  cost  und  brake  horsepower  is  determined  to  be 
represented  by  the  equation: 

Cost  = 1,770  + 43.9  BMP  (Fq.  I) 


where 

Cost  ■ average  list  price  In  dollars. 

BHP  * derated  continuous  brake  horsepower  luting  of  the  engine. 
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As  Mulcil  previously,  the  standard  model  pump  engine  assemblies 
are  typically  lot  low-pressure  applications.  I urtlur,  they  are  generally  single-stage 
pumps  with  few.  if  any.  automatic  controls.  Thus,  >.i|iiation  I represents  the  cost  of 
what  might  lie  considered  basic  flood-und-trunsfcr  pumps.  Bccuusc  of  the  low-pressure 
ratings  of  the  pump  cases,  however,  these  pump  units  would  be  suitable  for  use  only 
within  a tank  farm  where  there  is  no  chance  of  their  being  over  pressured. 

The  cost  of  similar  skid-mounted,  gusalinc-cuglnc-d  riven,  multi- 
stage pumps  suitable  for  pipelines  operuting  at  pressures  from  300  to  500  Ib/in1  cun 
be  found  using  the  equation: 

Cost  * 2,353  + 57,h  UUP  (liq.2) 

The  estimated  muxinuini  cost  for  complex  high-pressure,  gasoline- 
engine-driven,  multistage  pipeline  pumps  is  expressed  by  the  equation: 

Cost  « 16,075  + 70.4  BIIP  (Kq,3> 

The  wide  variation  in  tile  potential  cost  of  gasollne-englne-driven 
pumps  is  Illustrated  gruphicully  in  Figure  1 1.  The  most  likely  cost  of  gasoline-engine* 
driven  pumps  suitable  for  milltury  pipeline  operations  would  full  somewhere  between 
the  cost  of  the  commercial  low-pressure  unit  (Fq.  2)  and  the  projected  upper  cost  limit 
(I'iq.  3).  Therefore,  for  the  purpose  of  cost  comparisons  herein,  the  cost  of  giwolinc- 
cngliic-drivcn  pipeline  pumps  is  considered  to  be  the  mcun  between  iiquutions  2 und  3 
or: 

Cost  - (2,353  + 57.6  BMP) + (16,075  + 70,4  BHP) 

Cost  ■ 92 14 + 64.0  BHP  (liq.  4) 

Using  u similur  cost  unulysis  process,  it  is  determined  that  a rea- 
sonable estimute  of  cost  for  milltury  pipeline  pumps  powered  by  medium-  or  high- 
speed, medium-duty  diesel  engines  cun  be  computed  using  the  equation: 

Cost  « 13,500  + 100,7  BHP  (liq.  5) 

There  ure  no  stundurd  model  pump-engine  assemblies  using  low- 
speed,  heavy-duty  diesel  engines.  Because  of  the  high  cost,  it  Is  essentiul  that  cuch  unit 
be  designed  for  the  specific  application  where  it  will  be  used.  Pump  units  will  normally 
utilize  u standard  model  busic  engine  and  the  pump  may  be  a modification  of  a stand- 
ard design.  However,  the  integration  of  controls,  accessories,  and  other  special  design 
requirements  results  In  highly  individualized  designs.  The  cost  of  low-speed,  heavy- 
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Figure  1 1 . Cost  of  gaioline-englni-drivin  pump  unlti. 

duty  diesel-englnc-driven  pump  units,  based  on  the  costs  of  the  various  engines,  pumps, 
unci  accessories,  is  projected  to  he  In  the  range  represented  by  the  cquution: 


Cost  » 3ft.  100+  100.7  BHP 


(liq.  ft) 


Cius-turblne-engine-d  riven  pumps,  like  low-speed,  heavy-duty 
diesel-engine-ilriven  units,  ure  not  produced  as  stundurd  models.  Some  engine  maim- 
f'ueturers  market  standard  engine  modules  or  mechun leal-drive  packages  which  ure 
easily  adapted  to  drive  pump  units.  Bused  on  the  cost  for  these  units,  the  cost  of  u gus- 
turbine-engine-drlven  pump  unit  cun  be  approximated  using  the  equation; 


C ost  * 57.500  + !ft9,4  BHP 


(liq.  7) 
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WT  * 0.000  + 36.2  BHP. 


(Fq. 8) 


Substituting  the  maximum  allowable  weieht  «»*  snnnn  . i 

i5o^r  nt^r-u7rt 

20,000  = 9.000  + 36.2  OJIP, 


1)111*  ■ 304  brake  horsepower. 
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BRAKE  HORSEPOWER  (BMP) 

Figure  13.  Weight  of  engine-driven  pump  units. 

The  curve  in  Figure  13  for  the  weight  of  gus-turbine-engine-driven 
pump  units  can  he  expressed  mathematically  as 


WT  * 3590+  1 1 UlllV 


(Kq. 9) 


Substituting  20,000  pounds  as  the  maximum  allowable  weight,  the  maximum  avail- 
able brake  horsepower  is  calculated  to  be: 

20,000  « 3,590  + 1 1 B1H*. 
or 

BMP  ~ 1 ,492  bruke  horsepower. 


,1 


Till'  weight  ul'  gasoline-engine  driven  pump  units  is  represented  by 

t ho  i'i|u:ition: 

WT  = 4170  + 36  BMP.  < Liq . 10) 

Using  tliis  equation,  the  maximum  brake  horsepower  for  a gasolinc-cngine-d  riven  pump 
unit  would  be 


or 


20,000  - 4,170 + 36  UUP. 
BIIP  = 440  brake  horsepower. 


This  value  Is  greutcr  than  the  power  rutlng  of  the  lurgesl  gasoline  engine  in  production. 
Thus  the  upper  limit  on  the  size  of  gusoline-cngine-driven  pump  units  is  restricted  by 
the  availability  of  lurge  engines,  not  by  weight. 


The  relationship  between  the  size  of  vurious  pump  units  is  shown 
in  Figure  14,  Gas-turbine  engines  are  typically  considered  to  be  extremely  compact, 
delivering  a large  amount  of  power  from  small  units,  In  contrast  to  this  popular  view. 
Figure  14  shows  that  for  units  requiring  less  thun  300  brake  horsepower,  both  gusollne- 
engine-drlven  pumps  and  medium-duty  diesel-englno-driven  pumps  are  smaller  thun  gus- 
turblne-engine-drlven  pump  units,  This  results  from  the  fact  that  bulky  air  inlet  filters 
and  exhaust  gus  silencers  are  required  by  gus-lurbine  engines. 


Applying  the  dimensional  limits  from  AR  70-47,  the  largest 
acceptable  unit  is  8 feet  by  8 feet  by  20  feet,  or  1280  cubic  fed.  The  relationship 
between  volume  und  biake  horsepower  for  gusoline-englne-drivcn  pump  units  is 
expressed  by  the  equation; 


VOL  *>  42  + 0,83  BMP.  (Eq. II) 

/ 

A volume  of  1280  cubic  Feet  equates  to  1492  brake  horsepower.  Thus,  us  with  weight, 
the  largest  acceptable  gusoline-englne-drivcn  pump  unit  is  a function  of  the  availability 
of  large  engines,  not  volume. 


The  volume  of  medium-duty  diesel  engines  can  be  expressed 

mathematically  as; 


VOL  ■ 56+  1.7  BMP, 


(liq.  12) 
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VOL  * 115+  1.9  BHP. 


(Eq.  13) 
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The  equation  for  volume  versus  brake  horsepower  for  pas-turbine 
engin  -driven  pump  units  is: 

VOL  “350 + 0.75  UIIP,  (fiq.  14) 

A volume  of  1280  cubic  feet  converts  to  1240  brukc  horsepower  using  this  equation. 
The  power  limit  computed  on  the  busls  of  weight  is  1,492  brake  horsepower  resulting 
In  volume  being  the  factor  controlling  the  size  of  gus-turbine-engine-driven  pump  units. 
This  limit  on  unit  size  could  become  even  more  restrictive  if  the  unit  cannot  be 
configured  to  prevent  one  dimension,  width,  length,  or  height,  from  exceeding  the 
ucceptuble  limit  before  the  other  two  dimensions  reach  their  respective  limits. 

The  foregoing  calculations  ure  summarized  in  Tuble  6,  showing 
the  largest  pump  unit  of  ouch  type  that  will  conform  to  the  transportability 
requirements  of  AR  70-47  without  upprovul  of  amended  transportability 
characteristics.  These  horsepower,  ratings  ure  based  on  projected  weights  and 
dimensions  of  average  pump  units  and,  therefore,  should  not  be  considered  absolute 
maximum  values.  Through  tradeoff  of  vurlous  design  characteristics  It  muy  be  possible 
to  develop  slightly  larger  units  within  the  weight  and  size  limits. 


Tuble  b.  Transportability  Limits  on  Pump  Units 


Type  luiglne 

Maximum  Brake 
Horsepower,  Derated 

Limiting 

Fuctor 

Gasoline 

440* 

Weight 

Medium-Duty  Diesel 

304 

Weight 

Heavy-Duty  Diesel 

0 

Weight 

Gas-Turbine 

1240 

Volume 

* Si.imluid  I'mium-raul  imnlela  of  itusolluv  canines  this  lurno  ure  not  reutl (I y uvuiluhlc. 


(3)  Fuel  and  Lube  Oil  Consumption.  The  cost  of  the  fuel  consumed 
by  an  engine-driven  pump  unit  represents  u major  portion  of  the  total  cost  of  operation 
and  maintenance.  Figure  15  shows  the  average  specific  fuel  consumption  for  gasoline, 
diesel,  unJ  gus-turbine  engines.  These  data  arc  representative  of  the  average  fuel  con- 
sumption for  each  type  of  engine  based  on  the  assumption  the  engines  ure  operated  at 
a power  output  equul  to  the  maximum  continuous  brake  horsepower,  rating  derated 
for  operation  at  5000  feet  ultitudc  and  85°F  umblent  temperature. 

The  fuel  consumption  data  for  gus-turbine  engines  in  Figure  15  are 
for  simple,  or  non-regenerative.  cycle  engines.  By  adding  u regenerator  to  recover 
heat  from  the  exhaust  gases,  the  efficiency  of  u gas-turbine  engine  can  be  Improved. 
A regenerative  gas-turbine  engine  will  cost  approximately  20  percent  more,  Is  larger 
and  heavier,  uml  requires  more  maintenance  than  a simple-cycle  gas-turbine  of  an 
equivalent  power  output,  rims,  a regenerative  engine  would  he  preferable  only  for 
applications  where  fuel  consumption  is  of  primary  importance. 
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Most  gus-turbine  engines  in  use  today  ure  of  the  simple-cycle  type, 
If  regonerutive  gus  turbines  ure  developed  and  produced  commercially  for  vehicle 
implications,  the  production  base  may  be  large  enough  for  them  to  be  cost  competitive 
with  simple-cycle  engines,  This  broad  commerciu!  application  is  not  foreseen  In  the 
immediate  future.  Thus,  this  study  considers  only  simple-cycle  gas-turbine  engines. 

In  addition  to  their  lower  fuel  consumption,  diesel  engines  have  a 
cost  udvuntuge  in  the  price  of  fuel  consumed.  The  Militury  standard  prices  of  fuel, 
as  of  January  1976,  were: 


Tyne  Fuel 
Motor  gasoline 
Diesel 

JP*4 

JP-S 


Cost 

tPollurs/Ciullonj 

$0,381 

$0,339 

$0,373 

$0,355 


Using  these  prices,  the  cost  of  fuel,  in  dollars  per  brake  horsepower 
hour  are  shown  In  Figure  16.  The  advantages  of  small  diesel  engines  in  applications 
where  fuel  costs  are  a significant  part  of  total  life  cycle  costs  Is  readily  apparent  in 
Figure  16.  This  cost  difference  becomes  even  greater  when  the  engines  are  employed 
overseus  adding  fuel  transportation  costs  to  the  buslc  fuel  costs. 
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Figure  16.  Fuel  cost,  dollar*  per  broke  horsepower-hour 


Lube  oil  consumption  rules  for  gasoline  uml  diesel  engines  are 
approximately  equal  and  increase  with  engine  si/e.  Oil  consumption  in  reciprocal ing 
piston  engines  generally  increases  as  wear  occurs  during  normal  operation;  however, 
ibis  does  not  represent  a significant  eliange  under  normal  operutlng  conditions. 
Extremely  high  lube  oil  consumption  is  usually  Indicative  of  a serious  problem  meriting 
Immediate  attention  to  prevent  serious  damage  to  the  engine.  By  contrast,  turbine 
engines  consume  little  lube  oil  because  the  lubrication  systems  urc  totully  separated 
from  the  combustion  process.  Average  rates  of  lube  oil  consumption  are  shown  in 
Figure  17, 


Figure  17.  Engine  lube  oil  consumption. 
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(4)  Maintenance.  The  maintenance  characteristics  of  a pump-engine 
assembly  wcijili  heavily  on  the  suitahilily  t i>i  pipeline  .service.  Operational 
requirements  frequently  demand  un  entire  pipeline  system  be  maintained  in  continuous 
operation  for  extended  periods  of  time.  Thus,  the  frequency  of  shutdowns  required 
for  maintenance  may  be  us  important  us  the  umount  of  muintcncncc  required. 

Centrifugal  pumps  are  relatively  simple  machines  generally 
considered  to  provide  highly  reliable  service  with  little  maintenance.  Assuming  the 
pump  is  properly  designed,  balanced,  aligned,  and  free  from  excessive  stresses  from 
piping  connections,  only  limited  maintenance  will  be  required  except  for  periodic 
replacement  of  bearings  and  shuft  seals.  Limited  data  uvailuble  for  the  chemical 
processing  industry  Indicate  It  is  reasonable  to  expect  centrifugal  pumps  to  hove  a 
Mean  Time  Between  Failure  (MTBF)of  ut  least  10,000  hours. 

Uccuusc  of  their  complexity,  engines  require  substantially  more 
maintenance  than  the  pumps.  As  with  pumps,  limited  data  are  uvulluhlc  applicable 
to  the  maintenance  requirements  for  engines  used  to  drive  pipeline  pumps.  A survey 
of  pipeline  operating  companies  yielded  data  on  1387  gasoline-,  diesel-,  and 
gus-turblne-engine-drlven  pumps  runging  In  size  from  less  than  50  horsepower  to  more 
than  3500  horsepower.  Because  of  the  wide  range  of  sizes  and  varied  uppllcutions, 
these  dutu  do  not  reflect  well  defined  pump  maintenance  characteristics.  Therefore, 
the  survey  data  have  been  used  to  develop  an  estimated  range  of  values  for  pump  unit 
maintenance  characteristics.  These  data  are  shown  In  Table  7 und  Figures  18.  19, 
20, und  21 . 
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Characteristic 

Gasoline-Engine- 
Orlvcn  Pumps 

Diesel-Engine- 
Driven  Pumps 

Gas-Turbine-Engine- 
Driven  Pumps 

Maintenance  Kuliu -expressed  us 
ratio  of  maintenance  munhours 

MIN 

0,20 

0.01 

0.01 

to  operating  hours 

MAX 

0.70 

0.06 

0.05 

Mean  Time  Between  Overhaul- 

MIN 

2,500 

5.000 

4,000 

expressed  in  operating  hours 

MAX 

8,000 

12.000 

10,000 

Overhaul  Cost -expressed  us 

MIN 

28 

18 

7.5 

percentage  of  procurement  cost 

MAX 

35 

32 

25 

Lxpoctcd  Service  LI fe-exproisctl 

MIN 

8,000 

20,000 

20.000 

in  operating  hours 

MAX 

35,000 

50,000 

120,000 
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The  average  costs  for  overhaul  of  pump  units  arc  shown  in  Figure 
19  as  percentage  of  the  in  tit  at  procurement  cost.  Although  the  overhaul  cost  as  a 
percentage  of  procurement  cost  is  highest  for  gasoline-engine-driven  units  and  lowest 
for  gus-turbine-engino-d riven  units,  a gus-turbine-engine-drlven  pump  unit  is  still  more 
expensive  to  overhaul  than  a gasoline-engine-driven  unit  of  equivalent  size.  For 
example,  the  overhaul  cost  for  100-brake  horsepower  units  would  be: 


Type  of  Engine 

Gusollne 

Diesel 

Gas-Turbine 

Procurement  Cost 

$15,600 

$23,500 

$74,400 

Overhaul  Cost  us 
Percentage  of 
Procurement  Cost 

32.7% 

29,5% 

24% 

Overhuul  Cost 

$5,101 

$6,933 

$17,856 

Some  gas-turbine  engines  are  designed  us  modular  units.  These 
manufacturers  recommend  replacement  of  the  modules  "on  condition"  in  lieu  of 
complete  engine  overhuul.  This  hits  a distinct  advantage  In  reducing  overhaul  costs. 
Some  modules  may  operate  successively  for  periods  fur  in  excess  of  the  uverugc  time 
lor  overhaul  of  complete  engines.  The  modular  concept  does  not  eliminate  overhuul 
costs,  since  modules  removed  must  be  repaired. 

Representative  Mean  Time  Between  Overhaul  tMTBO)  and  expected 
service  life  data  are  shown  in  Figures  20  and  21,  respectively.  These  data  represent 
conservative  cxpcctions  compared  to  MTBO  and  service  life  datu  obtained  from  the 
pipeline  industry.  However,  it  is  not  reasonable  to  expect  equipment  operating  In  a 
military  combat  environment  to  be  us  duruhle  as  pumping  equipment  operating  in  the 
less  severe  and  demanding  environment  of  commercial  pipelines.  New  materials  and 
design  of  gas-turbine  engines  specifically  for  Industry  applications  inuy  produce 
significant  increases  in  the  MTBO.  However,  because  the  availability  of  these  engines 
remains  doubtful,  this  report  reflects  the  expect  ion  for  existing  gas-turbine  engines 
which  are  predominately  uirerufl  engines  adapted  to  provide  output  shaft  power. 

8.  Pipe.  Pipe  selection  is  generally  the  most  important  decision  made  during 
the  design  of  a pipeline.  The  size,  material,  wull  thickness,  and  other  physical 
properties  of  the  pipe  determine  many  other  factors  concerning  the  construction, 
operation,  and  maintenance  of  a pipeline.  Because  a wide  range  of  economic  and 
technological  considerations  Impact  on  the  design  of  every  pipeline,  there  are  no 
delmitive  guidelines  to  be  followed  in  pipe  selection,. 
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GAS-TURBINE-ENGINE  DRIVEN 


DIESEL-ENGINE-DRIVEN 


GASOLINE-ENGINE -DRIVEN 
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The  first  step  in  the  pipe  selection  process  must  be  identiticn  tion  of  available 
alternatives.  On  7 January  l‘)7ft,  MFKAlX’OM  Contract  No.  DA  AC  >53-7  ft-(  '-00% 
was  awarded  to  Value  Engineering  Company  (VIX'O).  Alexandria,  Virginia,  to 
investigate  various  pipeline  concepts  considering  various  materials,  joining  techniques, 
and  construction  procedures.  This  investigation  was  to  be  broud  in  nature  considering 
innovative  pipeline  concepts  as  well  us  conventional  materials  and  construction 
techniques.  Huclt  pipeline  concept  was  to  be  evaluated  to  determine  its  suitability  us 
an  element  of  u system  tor  military  overland  transportation  of  bulk  liquid  hydrocurbon 
fuels  in  a theuter-of-operutlons  under  wartime  eonditions. 


Defined  in  the  broadest  sense,  the  term  “pipeline"  may  include  the  pipe, 
valves,  liftings,  pumps,  storage  tanks,  and  all  other  facilities  required  to  transport 
u fluid,  under  pressure,  from  one  point  to  another,  in  u nurrow  sense,  u pipeline  may 
be  considered  to  bo  only  the  pipe  through  which  the  fluid  flows.  For  the  purpose 
of  the  investigation  conducted  by  VKCO,  a “pipeline"  was  defined  as  any  conduit 
through  which  fuel  cun  be  pumped  regardless  of  the  materials  used  lo  form/fubricate 
the  pipeline  including  mctuls,  plastics,  composites,  elastomers,  und/or  combination 
thereof.  VliCO  was  to  consider  the  pipeline  (conduit)  exclusive  of  design  detulls  for 
pump  stutiuns,  storage  facilities,  urn)  ancillary  equipment  essential  to  the  operation 
of  an  integrated  pipeline,  except  consideration  was  to  be  given  to  the  relative 
contributions  of  these  Items  to  total  system  cost,  personnel  required  for  installation, 
operation,  maintenance,  system  reliability,  etc. 

a.  Objectives  and  Criteria  for  Pipe  Evaluation  Program.  The  objective 
of  this  investigation  wus  to  provide  some  measures  of  effectiveness  and  technical 
feasibility  lor  various  candidate  pipeline  concepts  and  construction  techniques  which 


(1)  Maximize  the  system  reliability.  System  reliability  was  defined 
us  the  probability  that  a minimum  daily  throughput  requirement  cun  be  delivered 
from  u port-of-entry  to  a bulk  distribution  breakdown  point. 

(2)  Maximize  the  rule  of  pipeline  construction,  providing  the 
capability  to  advance  a pipe  lieud  at  a rate  sufficient  to  keep  pace  with  lust-moving 
combat  and  combat-support  units  advancing  ut  rates  up  to  30  kilometers  ( 18. ft  miles) 
per  day. 


(3)  Minimize  (lie  number  of  personnel,  the  skill  levels,  and  the  amount 
of  equipment  required  for  pipeline  construction,  operation,  and  maintenance. 


(5)  Minimize  the  potential  tor  fuel  losses  due  to  natural  disasters, 
hostile  action,  pilfoiage.  contamination,  and  administrative  handling  errors 

(di  Minimize  repair  and  maintenance  down  time. 

Evaluation  criteria  furnished  included  the  following: 

(1)  Tile  uveruge  daily  throughput  requirement  will  not  be  less  than 
1 0,000  barrels  (420,000  gullons). 

(2)  The  muximuni  uveruge  daily  throughput  will  not  exceed  35,000 
barrels  ( 1 ,470,000  gallons). 

(3)  The  average  distance  from  the  port-of-entry  to  the  bulk 
distribution  breakdown  point  will  be  100  miles. 

(4)  Construction,  operation,  and  maintenance  of  the  pipeline  shall 
be  possible  in  elimutlc  categories  1,  2,  5,  6.  und  7 as  defined  In  AR  70-38. 

(5)  The  nominal  size  of  each  candidate  pipeline  shall  be  either  4, 
6,  or  8 inches.  Use  of  multiple  parallel  lines  to  obtain  required  throughput 
requirements  may  be  considered  as  un  acceptable  concept. 

(h)  All  pipeline  system  components  und  ouch  item  of  required 
construction  equipment  shall  meet  the  requirement  for  water,  rail,  truck,  and  air 
transportation. 

The  Essential  Elements  of  Analysis  wore  to  include,  but  not  necessarily 
be  limited  to,  the  following: 

(1)  Conducting  a thorough  survey  of  Industry  to  identify  as  muny 
candidate  pipeline  concepts  us  possible. 

(2)  Identifying,  for  each  candidate  pipeline  concept,  the  essential 
engineering  characteristics. 

(3)  Establishing  a measure  of  cost  and  operational  effectiveness 
for  each  IVusIblo  pipeline  concept. 

(4)  For  each  of  the  feasible  candidates,  identifying  the  level  of  effort 
in  research,  development,  engineering,  und  testing  required  for  the  pipeline  and  any 
ancillary  equipment. 
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(5)  IiIlmi lilying  t In*  technological  risks  associated  with  each  proposal 
pipeline  concept. 

(6)  Ranking  the  candidates  in  order  of  relative  potential,  identifying 
necessary  tradeoffs. 

The  investigation  wus  conducted  In  two  phases.  Phase  I consisted  of 
four  steps  intended  to  reduce  the  large  number  of  potential  concepts  down  to  a few 
of  the  most  promising  Ideas  which  could  be  anluyzed  in  detail,  The  first  step  consisted 
of  defining  the  factors  and  characteristics  to  be  considered  und  the  constraints  to  be 
applied  in  determining  the  technical  feasibility  and  military  suitability  of  a concept. 
The  second  step  consisted  of  establishing  the  Interrelationships  between  the  factors, 
characteristics,  und  constraints.  During  step  three,  VF.CO  developed  u listing  of 
alternative  pipeline  concepts.  Step  four  of  Phase  I was  the  evaluation  of  all  the 
concepts  identified  and  selection  of  four  concepts  offering  potential  for  use  in  a 
military  bulk  fuel  distribution  system. 

Phase  11  of  the  investigation  involved  a more  detailed  study  of  four 
selected  concepts. 

b.  Interrelationships  Between  Pipeline  Characteristics  and  Design  Criteria. 

The  following  design  constraints  und  pipeline  system  characteristics  were  Identified 
by  VLCO  to  huve  a significant  affect  on  the  design  of  military  pipelines.  Although 
the  listing  wus  not  intended  to  be  ulMnclusive,  it  was  considered  to  identify  the 
primary  Fuetors  to  be  considered  in  evaluating  alternative  pipeline  concepts, 

Air  Transport  The  degree  of  suitability  for  uir  transportation  via 

C-l  30  aireruft. 


Bend  vs  Fittings  ■ The  relation  with  regurd  to  udvuntuge  of  the  use 
of  bent  pipe  sections  os  opposed  to  tlte  use  of  separate  fittings  for  directional  ehunges 
in  the  pipeline. 


Climate  - The  climatic  conditions  at  the  installation  location  which 
u fleet  pipeline  installation  and  operation. 

Diameter  Pipe  diameter  (in  inches). 

Equipment  Required  The  types  and  quantities  of  equipment  required 
for  installation  and  construction  of  the  pipeline. 

Fluid  Temperature  - The  uvorago  tom  porn  tin  c of  fuel  flowing  through 
the  pipeline,  determined  mainly  by  the  climatic  conditions  of  the  pipeline  location. 


Hostility  Du  nit  ion  Tin-  time  span  of  the  wartime  conditions  under 
which  the  pipeline  must  operate. 

inspection/ lest  - ilte  inspection  und  testing  requirements  lor  all 
components  of  the  completed  pipeline. 

Joining  Method  - The  construction  techniques  und  mechanical 
components  required  to  join  pipe  section  during  Installation. 

Joint  Cleanliness  - The  level  of  foreign  matter  present  during 
installation  which  affects  proper  Joining  of  pipe  sections. 

Maintainability  - Probability  of  retaining  un  Item  in  or  restoring  un 
item  to  operation  under  u given  maintenance  policy. 

Manhandling  - The  degree  of  suitability  of  pipeline  components  for 
repeated  physical  bundling  by  personnel;  the  maximum  allowable  weight  of  materials 
per  imm  wus  assumed  to  be  30  pounds  for  repeated  lifting. 

Material  - Pipe  mutcriul  and  Its  properties  (i.e.,  composition,  density). 


Number  of  Crews  - The  totul  quantity  of  crew  units  required  to 
Instuli  the  pipeline  ut  the  specified  installation  rate. 

Number  Parallel  Lines  - The  number  of  purullcl  pipelines  required 
to  muintuin  u specified  rate  of  How. 

Number  of  Pump  Stutlons  - The  total  quantity  of  pumping  stations 
required  for  the  totul  length  to  pump  fuel  at  the  specified  rate  through  the  tola! 
length. 

Prefab  Capability  The  possibility  of  performing  some  assembly 
operations  prior  to  stringing  the  pipe,  such  as  attaching  a coupling  to  one  end  of 
each  length  of  pipe,  so  that  only  one  connection  need  be  made  ut  installation. 

Pressure  Loss  - The  overall  loss  of  Hold  pressure  due  primarily  to 
friction  us  fuel  pusses  through  pipeline. 

Product  Contamination  The  degree  to  which  Interior  surluces  of 
pipe  couplings  und  fittings  affect  the  quality  of  the  fluid  being  pumped  through 
the  pipeline. 
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I’ump  Horsepower  - The  hydraulic  horsepower  rating  required  of  the 
pumps  used  to  propel  fuel  through  the  pipeline. 


Reliability  - Probability  that  the  pipeline  will  continue  in  operation 
for  u given  period  of  time. 

Reuse  Components  - Those  pipeline  system  components  which  are 
cupuble  of  being  reused  in  new  construction. 

RIglit-of-Wuy  Required  - The  distance  (measured  in  feet)  required  on 
either  side  of  tlte  pipeline  for  equipment  and  personnel  during  Installation. 

Safety  - The  absence  or  presence  of  huzurdsfto  personnel)  inherent 
In  a particular  construction  technique. 

Section  Length  - Average  length  (In  feet)  of  fabricated  pipe  sections. 

Service  Life  The  uveruge  expected  length  of  time  pipeline 
components  will  function  before  requiring  replacement. 

Size  of  Crews  - Tlte  number  of  persons  required  on  each  instullutlon 
(joining)  crew  to  meet  the  specified  Installation  rate  with  the  method  employed, 

Skill  Level  - The  level  of  training  and  practical  experience  required 
of  each  crew  member  for  proper  installation  of  the  pipeline. 

Storuge  Life  The  maximum  period  of  time  materials  muy  be  stored 
under  probable  storage  conditions  without  deterioration. 

Surface  vs  Buried  The  relation  with  regard  to  advantage  of  installed 
pipeline  (below  ground)  to  pipeline  installed  at  ground  level, 

Terrain  The  surlacc  features  of  the  installation  location  which  affect 
pipeline  Installation  and  operation. 


Time  per  Joint  The  uveruge  elapsed  time  required  by  personnel  to 
join  two  pipe  sections  during  Installation  uml  move  to  the  next  joint. 


Total  Length  - Thu  total  required  length  In  miles  or  completed  pipeline 
measured  from  the  port-of-entry  to  the  bulk  distribution  breakdown  point. 

Velocity  - The  uveuge  speed  of  fuel  (low  necessary  to  maintain  the 
required  rate  of  flow  through  the  pipeline. 

Vulnerability  - A measurement  of  the  potential  for  pipeline  operation 
disruption  by  external  forces  (i.e.,  hostile  action). 

Wall  Thickness  - Half  the  difference  between  inside  and  outside  pipe 
diameter  dimensions  (in  Inches). 

Weight  ~ The  average  weight  of  fabricated  pipe  sections  in  pounds  per 

foot  of  length. 


Working  Pressure  - Average  fluid  pressures  which  fabricated  pipe 
sections  must  withstand  during  normal  pipeline  operation, 

Friction  Factor  - Hazen-Wllliums  coefficient  (usually  140  - 150). 

The  interrelationships  among  these  design  constraints  and  pipeline 
system  characteristics  were  established  using  the  matrix  shown  in  Figure  22,  The 
factors  listed  on  the  left  side  of  the  matrix  were  found  to  be  independent;  thut  is, 
they  affect  some  aspect  of  the  system  design  but  are  not  affected  by  the  system 
design. 


Listed  across  the  top  of  the  matrix  are  the  dependent  fuetors,  These 
factors  all  arc  uffccted  by  one  or  more  factors  of  the  system  design  und,  in  turn, 
huve  some  influence  on  other  design  considerations. 

A dot  uppeurs  in  the  matrix  ut  the  intersection  of  each  horizontal 
line  und  column  where  the  corresponding  factors  were  determined  to  huve  u significant 
interrelationship.  For  example;  The  skill  level  required  for  Installation  (tenth  column 
hcudlng)  is  u function  of  the  equipment  required  lor  installation  (seventeenth  line 
heuding),  the  pipe-joining  method  (nineteenth  line  heading),  and  the  suitability  of 
the  joining  method  for  prclubrleution  of  certain  assemblies  (twenty-fourth  line 
heuding),  As  with  the  listing  of  independent  and  dependent  factors,  the  interactions 
shown  In  Figure  22  are  not  all-inclusive  but  were  selected  to  provide  u relluhlo  tool 
for  comparison  of  candidate  pipeline  concepts. 

c.  Methodology  for  Evaluation  of  Pipeline  Concepts.  To  use  the 
interrelationships  or  Interactions  between  the  design  factors  us  a tool  for  comparison 
of  the  concepts,  a value  was  assigned  to  each  of  the  l(>2  relationships  Identified  In 


60 


iuiiifiiaiiaiiiiiiaRRiiiRifeiRiiaRlmpiii 


iiaa 


■HI 


iliilR— 

Kissi:«: 


iiSiSSSBEEB 


!HBQBR»RHBB^^^— 
■ ■iRRBRRRBRaaRRaRRI 
■i  ■ill  IIRH 


:: 


IHRBRRRHIB 


ImHRHRfHRiSSiSctiHRpHli 

■RRillBlli|HlBllRRRailBi555 
RRIRHHHRRRRHRRIRIRICIRHRRBil 
MBIBBHRUR§RR3JR| 

BaRaaBioaiaiiaai 
EbririrmU 

RaiaaaR 


grlrhjbi 


HHBI 


;aBBajjURBRBRaiaaaBBRaaBRRRRBRBai 

>— ■-JJRRRRRBRBRRRBRR-RgRRRRRRR 


:: 


iaHlwJGHBHRIB§BHIIBllGOBHHHHHHOIHHHglH: 

W3s«:is«:!:s bbebssi bees  iu 

BBUBBBBBBBBRBBBBBBBiBgBaBBBBRBBRaaSaaR 

— BHBHBHBBBHBHB^^^^^^^^M 


|:| 

m 


e; 


HIjII 

■m 


!bjqbh 


ua 

■ill 

iflaauai 


laaifeRia 


i 


:: 


:h:::sshs:sbs 


RUHR 

Ibhhbi 

lanai 

IIIBR 

BRRII 

iibbr 

IHB 


■RHiiRRiai 


iii 


iipiBBiiiBBBHBBaafi  iflaaRR  ^■■a 
naReaiBRBHBiBRiGcaaiiiiiaaiR 

■Rlmm  □!  iSiailH 

■I  BBiBBBBBB  BBiEBtfflH 

^RiESIHSjliSaSaSRa!SuiSSISa|aH!!BR!!ES^| 

!|RHGL:GGaHiaRHaBRBHHRGBHHHHgHflBGaHHHIGCRBRHial 
iMGGBiaaRiHaaBHHjjaaaGaBalaacaaaaBiiBRBiaiali 
liiaGDiBaRaaRBBiaRaaaaaaaBgBiiiiiiiMi— ■ 

Kir  iiiiiiiiiM  I I I 


pCBliaB 
hiiribrI 
aiiaaaaB 

paaRBj 


:■[:?! 

Biaiil 

lEIBi 


aaaaHBiaHHaaHUi 

SgHHHHHHBRHHHHHHI 
IhHRRHRBHRHHRHBI 


■IBB 

jBbBb 

■ihi 


inBBHBBRiBBRBBBBI 


irrhiirir: 

igHBBBRRII 


■^■^HBRIBBBBgBIBBBBBBHBl 

HiiiiiiiiiiuiiiiiSiiliBiBiga9 

■|BHHiBRBi|HBBBBBflBRH|Bigliiill|| 

■I  IRIIRI  !!■■■■ 


is!!’ 


ini 


Hill 


Figure  22.  Tlu*  matrix  can  then  be  used  to  compare  pairs  of  concepts  on  the  basis 
of  the  interactions. 


1 he  values  assigned  to  the  interactions  were  determined  as  hollows: 


a 

'•r 


( 1 ) liu'eh  horizontal  entry  was  assigned  u value  bused  upon  the  number 
of  designated  interactions  in  that  line.  For  example,  the  line  labeled  "Joining  Method" 
has  12  interactions.  The  Independent  variable  ‘‘Joining  Method,"  therefore,  hus  a 
vulue  of  1 2/162  on  the  basis  of  the  162  possible  interactions. 

(2)  Each  column  entry  wus  given  u value  based  upon  the  number  of 
interactions'  in  that  column  and  tiie  values  from  step  I for  each  of  the  lines  interacting 
In  that  column,  For  example,  the  column  labeled  “Size  of  Crews"  has  six  Interactions 
whose  horizontal  line  values  total  47/162,  The  dependent  variable  “Size  of  Crews" 
then  has  a value  of  6/(47/162). 

(3)  The  vulue  for  cuch  Individual  Interaction  then  wus  tuken  us  the 
normalized  product  (rounded-off)  of  the  line  and  column  values.  Using  the  sumc 
example  us  In  steps  I und  2 above,  the  product  Is  (12/162)  times  [6/(47/162)1  or 
1 .532.  Tills  vulue  is  then  normalized  bused  on  a value  of  2.000,  the  highest  Interaction 
value  that  uppeurs  in  the  matrix.  This  value  occurs  at  the  interaction  of  "Service  Life" 
as  a function  of  "Climate,"  The  scoring  value  for  the  example  is  ( 1 .532/2.000)  10  « 
7.66  or,  rounded-off,  8,  us  shown  in  Figure  23  ut  the  interaction  of  "Size  of  Crews" 
us  u function  of  “Joining  Method." 

After  the  results  were  compiled,  eueh  interaction  value  wus  examined 
for  plausibility.  Any  anomalies  were  reconciled  through  re-exuminution  of  the 
definitions  of  vuriublos  involved. 

Comparison  of  two  candidate  concepts  using  the  mutrlx  shown  in 
Figure  23  would  require  a substantial  umount  of  knowledge  regarding  each  concept, 
Due  to  the  lurge  number  of  concepts  identified  und  problems  encountered  in  dutu 
collection,  it  was  impossible  for  VF.CO  to  acquire  tills  extensive  knowledge  of  each 
concept.  To  do  so  would  have  required  a level  of  effort  In  excess  of  the  scope  of 
the  contract,  Therefore,  it  wus  necessary  to  develop  a simplified  matrix  which,  witli 
limited  data,  would  identify  the  concepts  possessing  the  greatest  military  potential. 
For  the  screening  process  to  be  valid,  however,  it  was  imperative  to  consider  us  many 
luctors  as  possible. 

The  abbreviated  mutrix  shown  in  Figure  24  wus  developed  for  this 
purpose.  It  requires  definition  of  only  four  independent  design  luctors  (Joining 
method,  pipe  material,  working  pressure,  and  weight),  yet  those  four  hud  a hearing 
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upon  27  of  the  3(>  dependent  factors.  The  values  computed  for  each  of  the 
interactions  in  the  full  matrix  (Figure  23)  were  retained. 

By  use  of  this  matrix,  the  concepts,  taken  in  pairs,  were  scored  by 
comparison,  That  is,  the  attributes  of  the  two  concepts  were  compared  in  each  of 
the  36  points  of  consideration.  In  each  instance,  the  concept  having  the  superior 
characteristics  received  the  scoring  vuluc.  In  the  case  of  equal  qualifications  or  where 
sufficient  data  were  not  uvailubie,  both  concepts  were  awarded  the  value.  Thus, 
the  significance  of  the  two  scores  computed  when  two  concepts  are  compared  is  not 
their  magnitudes,  but  the  difference  between  the  scores. 

d.  Identification  of  Pipeline  Concepts.  Beginning  with  the  CORG  BPFS 
Study 1J,il  as  background  information,  VliCO  attempted  to  obtain  information  on 
all  availuhle  pipe  materials,  joining  devices  and  methods,  and  high-speed  pipeline 
construction  techniques.  Using  u variety  of  sources  to  identify  manufacturers, 
suppliers,  and  other  potential  sources  of  Information,  VliCO  sent  out  774  sollcatlons 
for  data.  Replies  were  received  from  264  of  the  organizations  contacted,  with  67 
of  them  supplying  useful  information. 

At  the  outset,  an  effort  was  made  to  contuct  the  14  companies 
Identified  in  the  CORG  BPFS  Study  to  update  the  findings  of  that  study.  These 
companies  ure  identified  In  appendix  C. 

R.  Siuuley  LuVulee  si  ill;  Hulk  Petroleum  I'aellliles  and  System)  (HPh'S)  - 1970-1987,  Phase  I:  1970-1977, 
Main  Keport.  Comlml  Operuilons  Rcscurch  (iroup,  Technical  Operations,  Inc.;  Alcxumlrlu,  Virginia.  November 
1968, 

14  lilvurd  W,  Kimi:  Hulk  Petroleum  laellltles  and  Systems  l/IPI-'S)  1970-1977,  Phase  I 1970-1977.  Annex  A. 
Historical  and  Doctrinal  Hevlew.  t oinbul  Operuilons  Reseurch  (iroup,  Technical  Optrni tlonn.  Inc.;  Alcxumlrlu, 
Vlf|ilnlu;  November  1969. 

R.  Heim  lleorge  el  ul;  llnlk  Petroleum  l,'aellliies  and  Systems  (HPI-’SI  - 1 9 7(1- 1 977.  Phase  I 1970-1977,  Annex 
II.  Pan  I ; Military  hqulpinenl  Survey , Comhul  Opomllom  Research  (.Iroup,  Technical  Oporuliom,  Inc,; 
Aloxundrlu,  Virginia;  November  1969, 

16  R.  Deun  (icorge  el  ul;  Bulk  Petroleum  I'aellliles  and  Systems  (BPI'SI  1970-1977,  Annex  H.  Pari  II,  Industry 
ICquIpment  Survey.  Cumbui  Opctuilons  Reveurch  (Iroup,  Technical  Operations,  Inc.;  Alcxumlrlu,  Vlrglniu: 
Novembci  1969. 
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Using  data  obtained  from  34  of  the  companies  contacted,  VHCO 
defined  39  pipeline  concepts,  collectively  employing  a wide  assortment  of  conduit 
materials  and  joining  methods.  The  only  pipe  materials  eliminated  from  consideration 
were  gluss,  wood,  concrete,  and  lead.  These  were  judged  not  suitublc  for  the  specified 
military  application. 

For  the  purposes  of  Identification  a five-digit  alphanumeric  code  was 
assigned  to  each  concept.  Each  digit  represented  u characteristic  or  parameter,  Figure 
25  presents  an  explanation  of  the  code.  For  example,  the  2 in  the  Identification  code 
2I73D  is  the  concept  status  (proposed  during  this  study);  the  I indicates  the  joining 
method  (mechanical  coupling);  the  7 is  the  joint  geometry  (separate  fittings);  the  3 
is  the  joint  description  (thermal  welding);  and  the  D indicates  the  conduit  material 
(polypropylene  pipe). 

On  the  busts  that  application  of  uny  concept  would  fall  into  the  near 
time-frame,  VECO  considered  only  those  concepts  either  already  commercially 
available  in  the  form  specified  or  those  requiring  only  adaptation  or  modification 
to  meet  the  criteria.  Any  long-term  process  development  was  not  deemed  feasible; 
hence,  concepts  requiring  extensive  development  were  not  considered. 

Listed  below  ure  the  39  concept  definitions.  Including  five  systems 
currently  used  by  the  military:  concepts  II 112,  12342.  12343.  I234E,  and  I240E. 

Concept  11112.  This  concept  is  u pipeline  currently  used  by  the 
military,  It  employs  steel,  API  51.  pipe,  grade  A or  B.  Joined  by  manual  welding. 
Weights  of  4-inch-,  6-Inch-,  and  8-incli-diumeter  pipes  ure  10,00  Ib/ft.  14.97  lb/ ft. 
and  22.34  Ib/ft.  respectively;  corresponding  working  pressure  are  1 700  lb/in2 . 1200 
lb/in2,  and  1000  lb/in*,  respectively. 

Concept  12342.  This  concept  is  a conventional  military  pipeline 
using  steel,  API  5L  pipe,  grade  A or  B.  with  grooved  pipe  couplings  such  us,  Vicfuullc 
style  77  or  Gustin-Bucon  No,  100  bolted  couplings.  Weight-  of  4-inch-,  6-inch-,  and 
8-lneh-diunietcr  pipes  are  10.00  Ib/ft.  14,97  Ib/ft.  and  22,34  Ib/ft,  respectively; 
corresponding  working  pressures  are  1000  lb/in2,  1000  lb/in2.  and  800  lb/in2, 
respectively. 


Concept  12343.  This  concept  is  a conventional  military  pipeline  ■ j 

using  lightweight  steel  tubing  with  wekled-end  nipples.  The  joining  method  is  the  sumo  j 

as  tliut  used  In  concept  code  I 2342,  Weights  of  4-inch-,  6-inch*,  and  8-ineh-diu meter  . 'j 


Concept  1 234H.  This  is  a concept  currently  used  hy  the  military. 
It  uses  synthetic  rubber  hose  assemblies  conforming  to  MIL-ll-52262,  joined  by 
grooved  pipe  couplings,  Weight  of  4-inch-diameter  hose  is  1.65  Ib/ft,  with  a working 
pressure  of  125  lb/in2  (500  lb/in2  burst/225  lb/in2  proof). 

Concept  1240E.  This  concept  is  currently  used  by  the  military.  It 
uses  synthetic  rubber  hose  assemblies  conforming  to  M1L-H-82 1 27,  joined  by  cam 
und  grooved  couplings.  Weights  of  4-inch-  and  6-ineh-diameter  hoses  are  1.25  ib/ft 
and  2.3  Ib/ft,  respectively;  corresponding  working  pressure  is  100  lb/in2  for  diameters 
(400  lb/in2  burst/200  lb/in2  proof). 

Concept  21111.  This  concept  proposes  u pipeline  using  aluminum, 
schedule  40,  606I-T6  pipe,  joined  by  munuul  welding,  Weights  of  4-inch-,  6-inch-, 
and  8-inch-diumeter  pipes  are  3,73  Ib/ft,  6.56  lb/ft,  und  9.88  lb/ft.  respectively; 
corresponding  working  pressures  are  1000  lb/in2,  800  lb/in2,  und  650  lb/in2. 
respectively, 

Concept  21122.  This  concept  represents  u proposed  pipeline  using 
steel,  AIM  5L  pipe,  grade  A or  1),  joined  by  automatic  welding  equipment,  such  us  that 
available  from  Dlmctrlcs,  Astro-Arc,  or  Sciaky  Bros.  Weights  of  4-inch-,  6-Inch-,  und 
8-ineh-diumeter  pipes  are  10.00  Ib/ft,  14.97  Ib/ft.  and  22.34  Ib/ft,  respectively; 
corresponding  working  pressures  ure  1700  lb/in2.  1200  lb/in2 , und  1000  lb/in2, 
respectively. 

Concept  2I23C,  Tills  concept  proposes  using  high-density 
polyethylene  (1IDPH)  pipe,  Joined  by  thermal  welding,  such  us  Ryerson  “Monoline” 
und  M.L.  Sheldon  “Scluirplpo.”  Weights  of  4-inch-,  6-Inch-,  und  8-inch-iliumotcr 
pipe  are  2.77  Ib/ft.  5.99  Ib/ft.  und  9.35  Ib/ft.  respectively;  corresponding  working 
pressure  is  160  lb/in2  for  each  diameter. 

Concept  21 731),  This  concept  uses  schedule  40  polypropylene  pipe, 
Joined  hy  thermally  welded,  separate  fittings  (R  & G Sloune  “Puseitl").  Weight  of 
4-inch-  and  6-lnch-diumeter  pipes  are  1,87  Ib/ft  und  3.56  Ib/ft.  respectively; 
corresponding  working  pressures  ure  125  lb/in 2 und  100  lb/in2,  respectively. 

Concept  2201)1).  This  proposed  pipeline  concept  uses  epoxy  resin 
fiberglass-reinforced  plastic  pipe.  Joined  by  OIBA-GEIGY  "Pronto-Loek”  und 
“Pronlo-Loek  II”  niule/femule  integral  threaded  couplings.  Weights  for  4-inc)i-, 
6-inch-,  und  8-ineh-diumctcr  pipes  are  0.8  Ib/ft.  1.7  Ib/ft . and  3.3  Ib/ft.  respectively; 
corresponding  working  pressures  ure  300  lb/in2,  200  lb/in2 . und  150  lb/in2, 
respectively. 


JOINT  GEOMETRY 


0 - Not  appl Icable 

1 - V-groove  butt  joint 

2 - Plain  end  butt  Joint 

3 - Grooved  plot 

4 - Cam-and-groove  coupling 

5 - Bel !-and-splgot 

6 - Hanged 

7 - Separate  Fitting# 

S - Tongue-end-groove 

9 Swaoed-on  grooved  pip#  fitting 


JOINING  METHOD 
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JOINT  DESCRIPTION 


0 - Not  eppl I cab  I e 

1 - Manual  welding 

2 - Automatic  waldlng 

3 - Thermal  waldlng 

4 - Bolted  coup  I Ing 

9 - Wedge  locking  coupling 

6 - Latching  coup  I Ing 

7 - Bolted  gripping  coupling 

8 - Rubber  seal  or  "0"  ring 

9 - Flange  clamp  and  "0"  ring 
A - Locking  atrip 

B - Butt-and-atrap  hand  lay-up 
C - Threaded 

D - Male/Female  threaded  Integral  coupling 
E - Swaging 
F - Latching  lugs 


CONDUIT  MATERIAL 
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C - High  density  polyethylene  (HDPE)  pipe 
D - Polypropylene  pipe 
E - Synthetic  rubber  ho3e 
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FIVE-DIGIT  CODE 

Figure  2J,  Concept  identification  codei.  (Continued) 


(>c) 


Concept  22212.  I liis  concept  is  a proposed  pipeline  using  stool.  API 
si  pipe.  grade  A or  li,  joined  by  (iustin-H.icon  No.  2(10  bolted  gripping  couplings. 

Weight-,  1 1 1 4-meli  . o-ineh-.  ;iml  8-ineli-di.iiiieler  pipos  are  10.00  Ib/ft.  14. ‘*7  Ib/ft. 

,iikI  V.34  Ih  It . lespeelivelv  . eorrespoiiding  working  pressures  arc  1000  lli/ill*.  000  j 

Ib/m-.aiiil  500  ll>/iir' , respectively.  | 

';i 

Concept  22273.  This  concept  proposes  a pipeline  using  lightweight  ' 1 

stool  tubing,  joined  by  the  same  mechanical  coupling  us  that  used  in  Concept  22272.  j 

Weights  of  4-inch-,  6-inch-.  and  8-iin.h-diunietcr  pipes  aro  3.53  lb/ ft,  7.28  lb/l‘t,  urn)  . 1 

0.51  Ib/lt,  respectively;  corresponding  working  pressures  ure  600  lb/ln2 , 600  Ib/in 2 , (j 

and  500  Ib/in1!  respectively.  \ 

] 

Concept  22341.  This  concept  proposes  using  aluminum,  schedule  1 

40.  b0hl-Tb  pipe.  Sections  ure  joined  by  grooved  couplings,  such  us  Gustln-Bacon 
No.  101  bolted  coupling.  Weights  of  4-in-h-,  6-inch-.  und  8-meh-diamcier  pipes  ure 
3,73  Ib/ft.  b.56  lb/ ft . and  d.88  lb/ ft.  respectively;  corresponding  working  pressures 
are  1000  11,/in* . 1000  Ib/in* , and  800  Ib/in* . respectively. 

Concept  22356,  This  concept  uses  spiral-welded  steel  pipe,  Joined  by 
Naylor  "Wedgelock"  wedge  locking  grooved-pipe  couplings.  Weights  of  4-inch-, 

0-inch-,  and  8-inch-diainctor  pipes  are  3. ‘>6  lb/l't.  7.44  lb/l't,  and  13.20  Ib/ft, 
respectively;  corresponding  working  pressure  is  400  Ib/in*  for  each  diameter. 

Concept  22363.  This  proposed  pipeline  concept  consists  of  lightweight 
steel  tubing  with  welded-end  nipples.  Sections  arc  joined  by  latching  grooved  pipe 
couplings,  such  as  Victaulic  style  78  or  Guston-Bucon  No.  1 15.  Weights  of  4-Inch-, 
h-inclt-.  and  8-incl. -diameter  tubing  ure  3.53  Ib/ft.  7.28  Ib/ft.  and  4.51  lb/l’t, 
respectively;  corresponding  working  pressure  is  300  Ib/in*  lui  each  diameter. 

Concept  22401.  This  concept  proposes  using  aluminum,  schedule  40. 
fiOft  1 -Tb  pipe,  joined  by  eam-uikl -groove-type  couplings,  such  as  Andrews  400A,  4001). 

(vOOA . 6000.  800 A,  8000,  or  OPW  633-A,  633-0  with  NPT  female  threads 
(aluminum).  Weights  of  4-inch-,  6-inch-  und  8-iuch-diamctcr  pipes  are  3.73  Ib/ft. 

(i.5 tv  Ib/ft,  and  0,68  Ib/ft.  respectively:  corresponding  working  pressures  are  100  Ib/in* . 

75  Ib/in’ , and  50  Ib/in* , respectively. 

Concept  22404.  This  concept  proposes  using  steel,  schedule  40  pipe, 
joined  by  cam -groove-type  couplings,  such  as  Andrews  400A,  4001).  dOOA,  6001). 

800A.  8001),  or  OPW  033-A.  633-1)  wit  li  NPT  female  threads  (steel).  Weights  of 
4-inch-.  6-inch-,  and  S-inch-diamcler  pipes  arc  10.74  Ib/ft  and  28.55  Ib/ft,  respectively ; 
corresponding  working  pressure  is  100  IhOn*  for  the  4-  and  6-inch  diameters. 
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Concept  224AB.  This  is  a proposed  pipeline  concept  using 
filament-wound  epoxy  resin  fiberglass-reinforced  plastic  pipe,  joined  hy  hell-und-spigol 
coupling  with  locking  key  strip,  such  as  those  available  from  Brunswick  and  I'ihetulass 
Resou  ices 

Concept  225FI.  This  proposed  pipeline  uses  aluminum  6063-T63  pipe, 
joined  hy  Race  and  Race  “Rueebilt"  hell-and-spigot  coupling  with  an  “0"  ring  seal 
and  latching  lugs.  Weights  of  4-inch-.  6-inch-.  und  8-inch-diametcr  pipes  are  1.35  Ib/ft, 
3.06  Ih/ft,  and  4,64  Ib/ft,  respectively;  corresponding  working  pressure  is  350  lb/in2 
for  each  diameter. 

Concept  2269A.  This  proposed  pipeline  concept  uses  filument-wound 
polyester  resin  fiberglass-reinforced  plastic  (FRF)  pipe,  joined  by  Beetle  "Quick-Lock " 
flange  clump  with  “0"  ring.  Weights  of  4-Inch-,  6-inch-,  and  8-ineh-diametcr  pipes 
arc  I.S  Ib/ft.  2.7  Ib/ft.  and  4.1  Ib/ft.  respectively;  corresponding  working  pressures 
are  200  lb/in1.  200  lb/in1  and  150  lb/in* . respectively. 

Concept  227AB.  This  is  a proposed  pipeline  concept  using  epoxy 
resin  fiberglass-reinforced  plastic  pipe,  joined  by  Fibergluss  Resources’  "Kwik-Key" 
coupling  with  “0"  ring  und  locking  strip,  Weights  of  4-inch,  6-ineh-.  and 
8-ineh-diumeter  pipes  ure  0.8  Ib/ft,  1,6  Ih/ft,  and  2.7  Ib/ft.  respectively;  corresponding 
working  pressures  ure  350  lb/in2,  250  lb/in2 . and  260  lb/in2,  respectively. 

Concept  22705.  This  concept  proposes  using  high-strength  well  easing 
steel  pipe,  Joined  by  Arntco  "Seal  Lock"  threaded  well  easing  couplings.  Weights 
of  4-inch-,  6- inch-,  and  8-lneh-diumeter  pipes  are  11.60  Ib/ft,  23.00  Ih/ft,  and  32.00 
Ib/ft,  respectively;  corresponding  working  pressures  ure  2100  lb/in2,  1700  lb/in2, 
and  1 500  lb/in2 , respectively. 

Concept  228A1.  This  concept  proposes  a pipeline  using  aluminum, 
schedule  40  pipe,  joined  by  Sundiu  Labs’  male/female  tongue-uiid-groove  coupling 
with  locking  strips  ("Taped  Joint"),  Weights  of  4-inch-,  6-Inch-,  and  8-ineh-diumeter 
pipes  are  3.73  Ib/ft.  6.56  Ib/ft,  and  ‘>.88  Ib/ft.  respectively;  corresponding  working 
pressures  are  1 700  lb/in2,  1 200  lb/in2 . and  1000  lb/in2 . respectively. 

Concept  228A2.  This  concept  uses  steel.  AIM  5L  pipe,  grade  A or  B. 
joined  by  the  same  coupling  as  that  used  in  Concept  228A1,  Weights  of  4-Inch-, 
6-inch-,  amt  8 inch-diameter  pipes  ure  10.00  Ib/ft.  14.97  Ib/ft.  und  22.34  Ib/ft. 
respectively;  corresponding  working  pressures  ure  1700  lb/in2.  1200  lb/in2,  and 
1000  lb/in2,  respectively, 


Concept  22948.  This  concept  proposes  using  epoxy  resin 
fiberglass-reinforced  plastic  pipe,  joined  by  "(Jainugrip”  swaged-on  grooved  pipe 
couplings.  Weiglits  of  4-inch*  und  6-ineh-diumeter  pipes  ure  0.8  Ib/ft  and  1.7  Ib/'ft, 
respectively;  corresponding  working  pressures  ure  225  lb/in2  und  250  lb/in2 , 
respectively, 


Concept  232BA.  This  concept  uses  filament-wound  • dyester  resin 
fiberglass-reinforced  plastic  (FRP)  pipe,  joined  by  butt-und-strap  hand  luy*up  of  resin 
and  mat,  such  us  that  available  from  Century  Fiberglass,  Weights  of  4-inch*,  6*inch*, 
and  8-ineh-diameter  pipes  ure  1.5  Ib/ft.  2.7  Ib/ft,  und  4,1  Ib/ft,  respectively; 
corresponding  working  pressure  is  1 50  lb/lnJ  for  each  diameter. 

Concept  23509,  This  concept  proposes  u pipeline  using  polyvinyl 
chloride  (PVC)  pipe,  Joined  by  cemented  (adhesive-bonded)  bell*and*spigot  couplings, 
such  as  those  available  from  Ccrtuin-Teed.  Weights  of  4-inch*  and  6-ineh-diumeter 
pipes  are  1.822  Ib/ft  and  3.947  Ib/ft.  respectively;  corresponding  working  pressure 
is  200  lb/in2  for  both  diameters. 

Concept  2350B.  This  concept  is  a pipeline  employing  epoxy  resin 
fiberglass-reinforced  plastic  pipe,  joined  by  cemented  (udhesive-bonded)  bell-and-spigot 
couplings,  such  as  those  uvuilubic  from  Fibergluss  Resources,  Fiber  Cast,  and  Koch. 
Weights  for  4-inch-,  6-ineh-,  and  8-ineh-diameter  pipes  ure  0.8  Ib/ft,  1.6  Ib/ft,  and 
2.7  Ib/ft,  respectively;  corresponding  working  pressures  are  350  lb/in2,  250  lb/in2, 
and  260  lb/in2,  respectively. 

Concept  23709.  This  concept  proposes  using  polyvinyl  chloride 
t PVC')  pipe,  joined  by  cemented  (udhesive-bonded)  fittings,  such  as  those  available 
from  Certain-  feed  und  Dixie  Plastics.  Weight  of  4-inch-,  6-inch-,  and  8-inch-diameter 
pipes  are  |,822  Ib/ft.  3.947  Ib/ft,  and  6.679  Ib/ft.  respectively;  corresponding  working 
pressure  is  200  lb/in2  for  euch  diameter. 

Concept  2370B.  This  concept  proposes  u pipeline  using  epoxy  resin 
fiberglass-reinforced  plastic  (FRP)  pipe,  joined  by  Conley  FRP  cemented 
(adhesive-bonded)  fittings.  Weights  for  4-inch-.  6-inch-,  ami  8-inch-diameter  pipes 
are  0.8  Ib/ft.  1.6  Ib/ft.  and  2.7  Ib/ft . respectively;  corresponding  working  pressure 
is  I 50  lb/in2  for  each  diameter. 

Concept  240FI.  This  concept  uses  aluminum  schedule  40.  0O0I-T6 
pipe,  joined  by  "ZAPT.OK"  swaged  bell-and-spigot  friction  coupling.  Weights  of  4- 
inch-,  6-inclt-.  and  8-inch-diamelcr  pipes  ure  3.73  Ib/ft.  6.56  Ib/ft.  and  9.88  Ib/ft. 
respectively;  corresponding  working  pressures  are  1700  lb/in2.  1200  lb/in2.  and 
1000  lb/in2,  respectively 


Concept  240E2.  This  concept  proposes  using  steel,  API  5L  pipe, 
grade  A or  U,  joined  by  the  same  met  hod  as  that  used  in  Concept  240b  1 . Weights 
of  4-inch-,  6-inch-,  and  8-inch-di  uneter  pipes  arc  10.00  lb/1 1,  14.97  lb/ll,  and  22,34 
Ib/ft,  respectively;  corresponding  working  pressures  are  1700  lb/in2,  1200  lb/in2, 
and  1 000  lb/in2 . respectively. 

Concept  24587.  This  Is  a pipeline  concept  using  cast  iron  pipe,  Joined 
by  a bell-und-spigot-type  friction  joining  mechanism  witli  un  "O  ’ ring  seal,  such  as 
McWave  ‘‘Tyton'’  and  American  "Fastite."  Weights  of  4-inch-,  6-inch-,  and 

8-inch-diameter  pipes  are  15  Ib/ft,  23,9  lb/ Tt,  and  34.7  Ib/ft,  respectively; 

corresponding  working  pressure  is  350  lb/in2  for  euch  diameter. 

Concept  24588.  This  concept  proposes  using  ductile  iron  pipe.  Joined 
by  u bell-and-spigot-type  friction  joining  mechanism  with  an  "0"  ring  seal,  suclt  as 
McWuvu  "Tyton"  and  American  “Fastite."  Weights  of  4-inch-,  6-inch-,  and 

8-inch-dlamctcr  pipes  ure  13.4  Ib/ft,  21  lb/ft,  and  29.7  ib/ft,  respectively; 

corresponding  working  pressure  is  350  lb/in2  for  each  diameter. 

Concept  24589.  This  is  u proposed  concept  using  polyvinyl  chloride 
(PVC)  pipe,  joined  by  bcll-und-spigot  coupling  with  a rubber  seal,  such  as  ASC  Plastics’ 
"Vulcan"  with  integral  coupler;  Certain-Teed  “Fluld-Tite;"  Clow  "Bell-Tite;"  Ethy 
"Bell-Ring;"  Johns-Munvlllc  "Rlng-Tlte;"  Rehau  “Mechan-O-Joint."  Weights  for 
4-lrich-,  6-inch-,  and  8-inch-dlametci  pipes  ure  1.86  Ib/ft,  4.05  Ib/ft,  and  6.91  Ib/ft. 
respectively;  corresponding  working  pressure  is  200  lb/in2  for  each  diunictcr. 

Concept  2458C,  This  concept  proposes  a pipeline  using  high-density 
polyethylene  (HDPE)  duct,  with  a bell-und-spigot-type  friction  joining  mechunism 
with  an  “0"  ring  seal,  such  as  Phillips  Product  "Driseon  3700."  Weights  for  4-inch 
and  6-inch-dlumctcr  pipes  ure  0.96  Ib/ft  and  1.82  Ib/ft.  respectively;  corresponding 
working  pressure  is  75  lb/in2  for  both  diameters. 

Concept  24789.  This  concept  presents  a proposed  pipeline  using 
polyvinyl  chloride  (PVC)  pipe,  joined  by  Tridyn  “Wcdgo-Tlto”  friction  coupling 
with  rubber  seal.  Weights  of  4-inch*.  6-inch-,  and  8-inch-diamcter  pipes  are  1.48 
Ib/ft.  3.22  ib/ft.  and  5.44  Ib/ft,  respectively;  corresponding  pressure  is  200  lb/in2 
for  each  diameter. 


Concept  247EI.  This  concept  proposed  a pipeline  using  aluminum 
schedule  40,  606I-T6  pipe.  Joined  by  McDunncl  "Duruswugo"  swaged-friction 
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Concept  247E2.  This  proposed  pipeline  concept  uses  steel,  API  5L 
pipe,  grade  A or  B,  joined  by  the  same  method  us  that  used  in  Concept  2471  1. 
Weights  of  4-inch-,  6-inch-,  and  8-inch-diameter  pipes  are  10.00  Ih/ft,  14. '>7  lh/l't, 
and  22.34  Ih/lt,  respectively;  corresponding  working  pressures  are  1700  lb/in2,  1200 
lb/in2 , and  1000  lb/in2 , respectively, 

e,  Comparison  of  Proposed  Concepts.  The  39  proposed  pipeline  concepts 
were  paired  tor  comparison  as  shown  in  Figure  26,  Relative  scores  for  the  concepts 
in  each  puir  were  computed  using  the  abbreviated  scoring  matrix  (Figure  24),  These 
scores  are  shown,  inclosed  In  parentheses  in  Figure  26,  The  concept  from  each  pairing 
receiving  tlte  lowest  score  was  eliminated  from  further  consideration.  Using 
sequential  pairings  of  the  higher  scoring  concepts,  34  of  the  39  concepts  were 
eliminated  from  further  consideration. 

When  the  scoring  matrix  technique  for  comparison  of  alternatives  is 
used,  uny  alternative  found  to  have  an  unacceptable  characteristic  is  assigned  a value 
of  zero  Three  concepts  (2123C,  2I7HD,  and  2458C)  received  scores  of  zero  because 
the  materials,  high-density  polyethylene  and  polypropylene,  arc  not  compatible 
with  the  applicable  petroleum  products  throughout  the  specified  environmental 
temperature  range. 

A MHRADCOM  program  review  found  that  the  pairing  procedure  used 
by  VliCO  will  not  necessarily  select  the  five  best  concepts.  In  Figure  26,  concepts 
111  12.  12342.  12343,  21111,  21122.  2123C',  2I73D.  and  230DB  are  compared  to 
each  other  through  the  pairing  process.  It  Is  valid  to  conclude  that  concept  220DB 
is  the  preferred  concept  from  this  group  of  eight,  However,  concept  220DB  lias  not 
been  compared,  In  any  way,  to  the  31  other  concepts  listed  below  concept  220DB 
along  the  left  side  of  Figure  26.  Thus,  it  is  possible  that  uny.  or  all.  of  these  31 
concepts  could  be  superior  to  concept  22013B. 

Similarly,  concept  22341  is  superior  to  concepts  22272,  22273,  2235b, 
22363,  22401.  22404,  and  225AB,  However,  the  relative  value  of  concept  22272 
in  comparison  to  the  31  other  concepts  is  not  known.  Therefore,  it  is  not  valid  to 
conclude  that  concept  22341  is  necessarily  one  of  the  five  best  concepts. 

Following  this  rationale  to  its  conclusion,  concepts  220DB,  22341. 
2251-1 . 240FI,  and  24789  have  not  been  identified  positively  as  the  five  best  alterna- 
tives, Actual  determination  of  the  five  best  concepts  using  puired  comparisons  would 
require  i large  number  of  comparisons  bused  on  a complex  decision  tree.  As  an  alter- 
native. VHCO  compared  the  five  proposed  concepts  to  five  concepts  currently  in  use 
by  the  Military.  The  results  of  these  comparisons  are  shown  in  Figure  27.  In  every 
ease,  when  the  abbreviated  scoring  matrix  was  used,  the  proposed  concepts  all  scored 
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higher  thun  the  existing  Mllitury  systems,  The  number  in  puren theses  below  each  pro-  j 

posed  concept  identification  code  is  the  sum  of  the  differences  between  the  concept  | 

scores  und  the  respective  scores  for  the  five  present  Military  systems,  i 

i 


Further  evaluation  of  concept  24789,  PVC  pipe  joined  by  Tridyn  | 

"Wedge-Tite"  friction  coupling,  could  liuve  some  seepage  at  the  joints.  In  the  usual  :| 

application  (waterlines)  for  that  type  of  pipe,  some  seepage  ut  the  joints  is  allowable,  i 

Eliminating  the  potential  for  the  seepage  would  require  changes  in  tolerances,  nianu-  j 

fucturing  methods,  and/or  the  geometry  of  the  proprietary  seal.  Due  to  this  problem  | 

and  because  concept  24789  had  the  lowest  total  sum  of  the  differences  when  com-  - 

pared  to  the  five  existing  Mllitury  systems,  rite  concept  was  eliminated  from  further  1 


consideration. 

f.  Summary  of  Value  Engineering  Company  Findings.  Given  the  objec- 
tives and  criteria  specified  in  the  contract  (outlined  herein  in  paragraph  8),  construc- 
tion of  100  miles  of  8-inch-diametcr  pipeline  wus  selected  as  the  basis  for  comparison 
I of  the  four  concepts,  l or  the  purposes  of  titis  investigation,  VFCO  considered  the 

| ability  to  deliver  the  maximum  anticipated  throughput  to  be  the  most  demanding 

I criterion. 


j 

s 

7 

I 
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Fur  each  concept,  a method  of  construction  and  sequence  of  operation 
considered  to  he  the  most  efficient  and  cost-effective  means  of  construction  were 
established.  In  each  case,  the  construction  capability  of  a single  crew  was  less  than  the 
desired  dO  kilometers  per  day.  Thus,  the  evaluation  considered  the  use  of  multiple 
crews  to  achieve  the  desired  rule  of  construction. 

( I ) Concept  220DB  - CIBA-GE1GY  PRONTO-LOCK  Pipe  System. 
The  C'lBA-GFlGY  flhergluss-rcin forced  epoxy  resin  pipe  is  available  in  diameters  from 
2 Inches  through  16  inches.  Designed  for  continuous  operation  at  u muxintum  working 
pressure  of  150  lb/inJ,  the  product  line  includes  pipe,  fittings,  und  adapters.  Using  a 
bell-und-splgot  deslgjt,  the  PRONTO-LCX'K  meeltanical  joining  system  provides  a 
quick,  simple  method  for  joining  pipe  and  fittings. 

The  bcll-shupcd.  feinule-end  fitting  or  PRONTO-LOCK  box  end. 
shown  in  Figure  28,  is  threaded  Internally  und  contains  un  Q-rlng  seul  in  a groove  below 
the  threads,  The  mule  end  of  the  pipe  or  PRONTO-LOCK  pin  is  threaded  above  the 
smooth  tapered  end  which  is  stabbed  into  the  box,  compressing  the  0-ring  to  establish 
u seul.  For  pipe  diameters  from  2 inches  through  6 inches,  the  standard  PRONTO-LOCK 
pin  has  the  tapered  settling  surface  and  thread  fabricated  as  un  Integral  purl  of  the  pipe. 
The  Joint  is  tightened  by  rotating  the  pipe  with  u strap  wrench. 

Because  of  problems  associated  witli  alignment  and  rotating  pipe 
of  diameters  front  8 incites  through  16  inches,  the  male  threads  are  on  a concentric 
sleeve  which  cun  be  rotated  to  tighten  the  joint  without  rotating  the  pipe.  This  con- 
centric sleeve  seats  aguinst  u shoulder  at  the  back  of  the  tapered  settling  surface.  ThF 
design  feature,  designated  PRONTO-LOCK  II.  permits  2 degrees  of  ungulur  deflection 
m the  joint. 


Stundurd  nominal  Joint  length  for  the  CIBA-GFKiY  pipe  is  40  leet 
An  8 -Inch-diameter,  40-foot  section  of  pipe,  with  etui  fittings,  weighs  approximately 
145  pounds.  Thus,  four  men  cun  handle  one  section  of  pipe  without  any  special 
handling  equipment.  VLCO  proposes  the  pipe  to  be  hauled  to  the  construction  site 
using  5-ton  trui  K tractors  towing  flutbed  semitrailers  with  telescoping  bodies.  Each 
joint  of  pipe  would  be  joined  to  the  end  of  the  pipeline  as  it  is  off-loaded  from  the 
delivery  trucks. 


Installation  of  u Joint  of  pipe  begins  with  two  men  positioning 
cribbing  to  support  the  pipe  during  installation.  Simultaneously,  four  men  off-load  a 
section  of  pipe  from  the  delivery  truck,  curry  it  to  the  end  of  the  pipeline,  and  place 
the  pipe  on  the  cribbing.  After  removing  the  end  protectors,  inspecting  the  pipe  ends 
for  dirt  and  damage,  und  lubricating  the  pin,  the  four  men  lift  the  section  of  pipe,  stab 
the  pin  into  the  box  end  oT  the  previous  section,  und  run  the  threud  up.  Another  crew 
member,  using  a strap  or  spanner  wrench  tightens  the  joint.  The  crew  then  lifts  the 
pipe  allowing  the  cribbing  to  be  removed  und  advanced  to  the  next  joint  of  pipe. 
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Conceot  Code  22009 
Female  FPP  =>f pe  End 


Male  frp  p;pe  £n0 


Col lar 


Sleeve 

(on  8-Inch  onlv) 


Sear 


-O-ning  Casket 
Fijiure  28.  Ciba-Celgy  PRONTO-LOCK  Joint. 

tf,«  Pipe.  Tims,  the  proposed li!hlh!tl  ^ ^ dcllVcry  truck  to  assist  in  off-loading 
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Pipe,  and  I to  tighten  the  Joint.  The  estimated  rate  ^ ’ "B‘  4 t0  carry  u',tJ  ln««U  the 
Joint  every  84  seconds.  I hh  umJs  n , instruction  for  this  crew  is  one 

Assuming  « crew  works  a 10-ltoir  shift  the  Wt°  °f  QJ2  mH*  P«r  hour, 
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Based  i)n  further  analysis,  it  was  concluded  that  8 craws,  working 
4 crews  per  shift  and  two  1 0-hour  shifts  per  day.  can  best  accomplish  the  construction 
of  30  kilometers  ( IK. 6 miles)  per  day.  This  approach  will  allow  adequate  lime  for  the 
crews  to  install  valves  uiul  fitting,  make  grade  crossings,  etc. 

To  support  the  installation  crews,  u continuous  supply  operation 
is  required.  It  was  assumed  thut  each  truck  cun  huul  36  ,.nglh>  :»f  8-inch-dlumctcr 
pipe  maintaining  an  uverage  traveling  speed  of  30  miles  per  hour  and  thut  ull  the  pipe 
is  prepositioned  at  one  end  of  the  100-mile  pipeline.  On  this  basis,  it  was  determined 
that  thirty-eight  5-ton  truck  tractors  with  telescoping  flatbed  semitrailers  would  be 
required  to  maintain  a continuous  supply  of  pipe. 

Additional  equipment  requirements  include  seven  2-‘/j-ton  cargo 
trucks  and  two  '4-ton  utility  trucks.  Two  of  the  seven  2-'/j-ton  cargo  trucks  would  be 
outfitted  us  pipeline  construction  trucks  witli  winches  and  A-frumes  for  Installing 
valves  and  other  heavy  components. 

To  deliver  35,000  barrels  per  day  through  one  8-inclwlianietcr 
ClBA-CililGY  pipeline  would  require  approximately  19  pump  stations,  assuming  no 
change  In  elevation  along  the  100-mile  length  of  the  pipeline,  Each  pump  station 
would  operate  at  a muximum  discharge  pressure  of  1 50  Ih/in-  delivering  approximately 
100  hydraulic  horsepower, 

(2)  Concept  22341  - Groovcd-Eiul,  Mechanically  Coupled, 

Aluminum  Pipe  System,  Mechanical  couplings  for  joining  grooved-end  pipe  are 
manufactured  hy  (nistln-Baeon  Division.  Aeroquip  Corporation.  Lawrence.  Kansas, 
and  Victuulic  Company  of  America,  l‘li/aheth.  New  Jersey.  This  concept  employs 
the  same  basic  design  us  the  Military  standard  coupled  steel  pipelines  except  it  is 
proposed  to  use  schedule  40,  oObl-Tb  aluminum  pipe  and  aluminum  couplings. 

A segmented  coupling  engages  circumferential  grooves  around 
the  end  of  the  pipe  as  shown  in  Figure  29  to  provide  a positive  mechanically  locked 
joint.  An  elastomeric  gasket  encased  by  the  coupling  seals  the  joint.  When  used 
with  appropriate  couplings,  8-mch-diumcter.  grooved-end.  schedule  40  aluminum 
pipe  is  suitable  for  operating  at  pressures  up  to  800  Ib/iir.  An  8-inch  grooved  coupling 
will  allow  I degree.  41  minutes  deflection  in  the  joint. 

A 20-foot  length  of  schedule  40,  8-inclwliumctor,  aluminum  pipe 
weighs  approximately  198  pounds.  Use  of  longer  length  , would  be  desirable  to  reduce 
the  number  of  joints.  However,  the  weight  of  longer  sections  would  preclude 
manhandling  the  pipe  during  the  stringing-and-laying  operations. 


It  is  proposed  tliut  the  pipe  stringing  and  joining  be  uceoniplislied 
as  a single  operation.  The  procedure  to  be  used  would  be  us  outlined  in  TM  5-343  lor 
construction  of  coupled  steel  pipelines.  The  VIX’O  investigation  concluded  that  one 
crew  can  luy  70  sections  of  8-inclt  pipe  during  a 10-hour  shift,  On  this  basis,  achieving 
u 30-kilomoter-per-duy  construction  rate  would  require  70  crews  working  35  crews 
per  shift  and  two  10-hour  shifts  per  day.  Construction  rates  actually  achieved  during 
tests  at  Fort  Belvoir  using  steel  tubing  indicates  this  estimate  of  possible  construction 
rates  is  extremely  pessimistic. 

A 2*'/i-ton  truck  tractor  and  u bolster  trailer  would  be  required 
to  supply  pipe  to  each  of  the  35  crews.  Additional  equipment  required  would  Include 
ten  2-14-ton  pipeline  construction  trucks  and  ten  14-ton  utility  trucks.  The  2-'/i-ton 
pipeline  construction  trucks  would  be  equipped  with  winches  and  A-frames. 

Delivery  of  35,000  barrels  per  duy  through  an  8-inch-dlumeter, 
schedule  40,  coupled  aluminum  pipeline  would  require  five  pump  stations.  Each  pump 
stution  would  operate  at  a maximum  discharge  pressure  of  800  lb/in2  delivering 
approximately  475  hydraulic  horsepower. 

(3)  Concept  225F1  - Race  and  Race  Racebilt.  This  concept  proposes 
using  schedule  10,  6063  aluminum  pipe.  The  pipe  is  joined  by  u mechanical  coupling 
manufactured  by  Race  and  Race,  lnc„  Winter  Haven.  Florida.  Marketed  under  the 
registered  trademark  Racebilt,  each  length  of  pipe  hus  a fcmule  coupling  und  mule 
fitting  permanently  attuched  by  welding.  Two  sections  of  pipe  are  joined  by  inserting 
tlie  mule  end  Into  the  female  coupling  us  shown  in  Figure  30.  The  cust  male  fitting 
has  two  latching  lugs.  As  the  mule  fitting  is  inserted  into  the  female  coupling, 
rings  automatically  engage  the  latching  lugs,  providing  a positive 


lock.  An  elastomeric  seal  in  the  bore  of  the  female  coupling  provides  a seal  around 
the  outside  of  the  male  fitting.  An  undercut  on  the  latching  lugs  prevents  release 
of  the  latches  while  the  coupling  is  under  pressure. 

The  coupling  increases  the  useful  length  of  u section  of  pipe 
by  0.58  foot.  With  thv  coupling  attached,  u 40-foot  section  of  schedule  10, 
8-ineh-diumeter  pipe  weighs  approximately  205  pounds.  Although  It  will  be  un 
urduous  task,  these  sections  of  pipe  can  be  manhandled  for  stringing  and  joining. 

The  stringing-umMuylng  procedure  proposed  by  V1ICO  Is  identical 
to  that  for  the  C1BA-GEHJY  pipe  except  the  coupling  uutomuticully  latches  itself, 
eliminating  the  need  for  a crew  member  to  secure  the  joint.  The  estimated  time 
required  to  lay  one  joint  of  pipe  is  54  seconds,  Based  on  tills  Joining  rute,  YF.CO 
projects  6 crews  (3  crews  working  two  10-hour  shifts)  can  luy  30  kilometers  of  pipe 
per  day  and  Ituvc  enough  time  availuhle  to  install  the  necessary  valves  and  fittings, 
make  grade  crossings,  etc. 

Each  construction  crew  would  consist  of  15  men  including  a 
crew  chief,  7 men  to  carry,  ulign,  and  join  the  pipe  sections,  2 men  to  install  valves 
and  fittings;  2 men  to  curry  und  position  cribbing;  and  3 men  working  on  the  delivery 
truck  to  assist  with  off-loading  the  pipe. 

Assuming  5-ton  truck  tractors  towing  flutbed  semitrullcrs  with 
telescoping  bodies  are  used  to  haul  3<>  lengths  of  pipe  per  loud,  40  trucks  would  be 
needed  to  support  construction  of  30  kilometers  of  pipeline  per  day.  Additional 
equipment  required  would  Include  five  2-'/i-ton  curgo  trucks  and  two  W-ton  utility 
trucks.  Two  of  the  2-Vi-ton  trucks  would  be  equipped  with  winches  und  A-frunies 
for  bundling  vulvcs  und  other  heavy  items. 

With  tlie  muximum  operating  pressure  for  8-lnch-diumeter 
schedule  10  aluminum  pipe  limited  to  350  lb/ln2,  a 100-mile-long  pipeline  would 
require  nine  pump  stutions  to  deliver  35,000  barrels  of  fuel  per  day.  Each  pump 
stutlon  would  produce  approximately  215  hydraulic  horsepower. 

(4)  Concept  240E1  - ZAP-LOK  Systems  international,  Inc. 

(ZAP-LOK).  The  ZAP-LOK  pipe  Joining  process,  developed  by  ZAP-LOK  Systems 
International,  Inc.,  Houston,  Tcxus,  produces  u joint  equul  in  burst  strength  to  the 
original  pipe  strength.  One  end  of  eueh  section  of  pipe  is  expunded  or  "belled”  us 
shown  In  Figure  31.  The  opposite  end  of  eueh  length  of  pipe  Is  beveled  slightly  und 
un  annular  groove  is  rolled  into  the  outside  diumetcr.  A portable  hydruulie  press 
forces  the  grooved  end  of  one  pipe  section  Into  the  belled  end  of  another  pipe  section, 


Aluminum  Ballad  Plpa  End 


(3  Places) 


Figure  31.  ZAP-LOK  Joint, 

The  end  preparation,  belling  and  grooving,  cun  be  accomplished 
at  the  pipe  mill,  in  u storuge  yard,  or  on  the  Job  site,  The  contralled-fnrce  lit  of  the 
joint  provides  a inetuhto-metal  seal.  An  epoxy  applied  before  assembling  the  Joint 
serves  as  u lubricant  und  u secondary  seal.  The  Joint  reduces  the  useful  length  of 
an  8-inch  pipe  by  approximately  0.88  foot. 


T*ltf  ZAM.OK  process  is  suitable  for  joining  pipes  from  Much 
through  I -•inch  dlumcter  of  various  wall  thicknesses  and  muterluls.  VECO  has 
recommended  use  of  8-lneh-tliametor,  schedule  40.  606I-T6  aluminum  pipe  with 
a working  pressure  of  1,000  lb/lnJ.  A 40-foot  length  of  this  pipe  weighs 
approximately  395  pounds. 

The  proposed  installation  procedure  begins  with  stringing  the 
pipe  using  a side-boom  tractor  to  unload  the  pipe  from  the  truck,  The  pipe  would 
be  placed  on  cribbing  to  protect  the  pipe  und  facilitate  the  Joining  crew, 

The  hydraulic  joining  press  would  be  carried  by  u side-boom 
tructor  und  operate  using  power  from  the  tractor  hydraulic  system.  The  Joint  of 
pipe  being  added  to  the  pipeline  would  be  picked  up  by  another  side-boom  tructor. 
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I ho  ends  inspected.  and  the  epoxy  applied  lo  Ihe  mating  surfaces.  Alter  properly 
.ilitAniup  Ilk*  nev’  section  ol  pipe,  the  hydraulic  press  would  grasp  the  pipe  and  lo'ce 
the  joint  together, 

Tito  time  required  to  join  a section  to  the  pipeline  is  estimated  to 
be  90  seconds,  At  this  rate,  eight  crews  of  four  crews  per  shift  working  two  10*hour 
shifts  per  day  would  be  required  to  construct  30  kilometers  of  pipeline  per  day, 

Two  stringlnig  crews  of  5 men  each  would  be  required  to  string 
the  pipe  in  advance  of  the  Joining  crews.  Each  crew  would  consist  of  a crew  chief, 
a tractor  operator,  and  4 men  to  assist  in  handling  and  positioning  thy*  pipe,  Each 
joining  crew  would  consist  of  7 men:  i crew  chief,  2 tractor  operators,  3 men  to 
ussist  in  handling  the  pipe  and  applying  the  epoxy,  und  1 man  to  operate  the  joining 
machine. 


Five-ton  truck  truetors  towing  flatbed  semitrailers  with  telescoping 
bodies  would  be  used  to  deliver  the  pipe  to  the  construction  site.  Assuming  each  truck 
cun  haul  26  sections  of  schedule  40,  8-incli-dlameter  pipe  in  40-foot  lengths,  it  is 
estimated  that  35  trucks  would  be  required  to  string  30  kilometers  of  pipe  per  duy. 
Two  side-boom  tractors  would  be  required  for  stringing  the  pipe  und  unother  eight 
side-boom  tractors  would  be  required  for  joining  the  pipe. 

Delivery  of  35,000  barrels  of  fuel  per  day  through  100  miles 
of  8-inch  aluminum  pipe  at  1000  lb/in2  maximum  operating  pressure  would  require 
four  pumping  stations,  Each  pumping  station  would  produce  nppproximately  590 
hydraulic  horsepower, 

(5)  Results  of  Concept  Comparisons.  Table  8 presents  tabulated 
weight  und  volume  data  for  the  four  selected  concepts.  All  equipment  dimensions 
and  weights  arc  actual  values,  unless  noted  otherwise.  An  additional  10  percent 
of  total  amounts  (bused  on  i 00-mile  pipeline)  is  included  in  the  calculations,  as  noted, 
to  compensate  for  quantities  of  pipe  lost  or  damaged  in  transit. 

Material  and  equipment  cost  data  shown  in  Table  9 are  based 
on  1976  manufacturer's  quotations.  For  the  ZAP-LOK  system,  pipe  preparation 
cost  does  not  include  spare  or  back-up  equipment,  The  cost  of  using  a grooving 
machine,  as  an  alternative  to  having  the  mill  perform  the  grooving  operation,  is  not 
Included  in  pipe  preparation  cost  for  the  grooved-pipe  coupling  system. 

Transportation  costs  are  based  on  MERADCOM  “Cost  Estimating 
Guidance  Transportation  Cost"  statement  of  9 Sep  1975,  Costs  include  U.S.  Line 
Haul,  U.S.  Port  Handling,  Overseas  Port  Handling,  and  Overseas  Line  Haul  charges. 
Figures  for  U.S.  Line  Haul  and  U.S.  Port  Handling  charges  for  pipe  only  are  computed 
from  volume  (for  low-density  items,  charges  are  bused  on  volume  rather  than  weight). 
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Figure  31.  ZAP  LOK  Joint. 

Hie  end  preparation,  belling  and  grooving,  cun  be  accomplished 
ut  the  pipe  mill,  in  u storage  yard,  or  on  the  job  site.  The  controlled-foree  fit  of  the 
joint  provides  u metal-to-metal  seal.  An  epoxy  applied  before  assembling  the  Joint 
serves  as  a lubricant  and  a secondary  seul.  The  joint  reduces  the  useful  length  of 
un  8-Inch  pipe  by  approximately  0.88  foot. 

The  ZAP-LOK  process  is  suitable  for  Joining  pipes  from  1-inch 
through  1 ..-inch  diameter  of  various  wall  thicknesses  and  materials,  VECO  hus 
recommended  use  of  8-inch-diameter,  schedule  40,  6061-T6  aluminum  pipe  with 
u working  pressure  of  1.000  ib/inJ.  A 40-foot  length  of  this  pipe  weighs 
approximately  395  pounds.  p v * 

The  proposed  installation  procedure  begins  with  stringing  the 
pipe  using  a side-boom  tructor  to  unload  the  pipe  from  the  truck.  The  pipe  would 
be  placed  on  cribbing  to  protect  the  pipe  and  facilitate  the  joining  crew. 

The  hydraulic  joining  press  would  be  carried  by  a side-boom 
tractor  and  operate  using  power  from  the  tractor  hydraulic  system,  The  joint  of 
pipe  being  added  to  the  pipeline  would  be  picked  up  by  another  side-boom  tractor, 
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The  prices  of  gate  valves  for  the  systems  are  included  because 
of  the  differences  in  cost  for  the  different  sizes  required  to  handle  the  varying  working 
pressures.  A (i()0-pound  class  gate  valve  selected  for  the  ZAI’-LOK  and  grooved-pipe 
systems  costs  approximately  $4 1 00;  a 300-pound  oluss  gute  vulve  selected  for  the 
Raccbilt  system  costs  about  $1700;  and  a 150-pound  gate  valve  selected  for  the 
PRONTO-LOCK  system  costs  approximately  $1200.  Valve  quantities  required  for 
each  system  will  also  vary, 

Tuble  10  provides  a comparison  of  the  busic  pipe  costs  for  4-,  6-. 
and  8-inch  nominal  sizes. 

Considering  calculated  totul  costs,  exclusive  of  relative 
performance  or  manpower  required  for  installation,  the  PRONTO-LOCK  system  costs 
the  least  of  the  four  systems  ($3,413,000);  ZAP-LOK  costs  2.4  times  us  much 
($8,087,000);  grooved-pipe  2.1  times  us  much  ($7,006,000);  and  Rucebilt  1.3  times 
us  much  ($4,403,000),  The  PRONTO-LOCK  system  costs  represent  costs  for  prepared 
pipe  (ready  to  Install),  purchased  directly  from  the  manufacturer,  There  is  no  sepurute 
charge  for  preparing  the  pipe  und  no  equipment  required  for  the  joining  process, 

The  higher  ZAP-LOK  cost  Is  attributed  to  u considerably  higher 
price  lor  schedule  40  aluminum  pipe  (versus  FRP),  the  expense  of  preparing  the  pipe 
(belling  und  grooving),  und  a large  expense  for  equipment  to  perform  the  joining 
operation.  The  cost  of  purchasing  four  Joining  presses  ($1,745,400),  of  course, 
represents  un  initial  cost  only  and  u mom  uccurute  representation  may  be  the  long-term 
costs  over  the  period  of  time  the  equipment  is  used,  The  high  initiul  equipment  cost 
would  ulso  be  reduced  if  the  presses  were  leased. 

Similarly,  the  grooved-pipe  system  costs  are  higher  because  of 
high  aluminum  prices  (versus  FRP)  und  pipe  preparation  costs  (grooving)  In  addition 
to  the  cost  of  the  mechanical  couplings  employed.  Since  20-foot  pipe  sections  were 
used  in  the  system  design  (versus  40-foot  sections  for  other  concepts)  the  number  of 
joints  are  therefore  doubled,  pipe  preparation  costs  und  coupling  costs  could  be  halved 
if  40-foot  sections  are  used. 

The  Rucebilt  system  costs,  however,  represents  the  price  of 
prepured  pipe.  The  cost  of  the  Rucebilt  aluminum  pipe  with  the  couplings  welded  on 
the  ends  is  35%  less  for  pipe  which  is  approximately  SO'a  lighter  In  weight  than  the 
schedule  40  pipe. 

For  all  four  systems,  the  cost  of  consumable  materials  used  in 
installation  Is  relatively  Insignificant  (under  $4,000)  compared  to  other  costs.  There 
is  little  variation  in  the  transportation  cost  for  all  systems.  Although  the  Rucebilt 
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system  weighs  considerably  less  than  either  the  /AIM.OK  or  grooved  pipe  system 
and  the  PRONTO-I.OCK  system  weighs  less  than  Raeehilt.  respective  transportation 
charges  are  calculated  on  volume,  which  differs  little. 

The  results  of  comparisons  of  the  tc  n selected  concepts  using 
the  Pipeline  Scoring  Matrix,  Figure  23.  are  shown  in  Figure  32.  On  the  basis  of  the 

220DB  CiBA-Geigy  "Pronto-iock" 

22341  Aluminum  Grooved-Pipe  Couplings 

225FI  Race 'end  Rece  "Raced  M+" 

240E!  "Zap-Lok" 


Figure  32.  Comparison  scores  of  proposed  pipe  concepts. 
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performance  aiul  design  criteria  selected.  the  Ruecbilt  system  placed  l lie  highest 
of  the  four  selected  systems.  folowcd  by  PRONTO-l.Ot  k,  aluminum  groovoil-pipe 
couplings.  and  /AIM  Ok.  I Ik*  ranking,  is  base'll  on  comparison  scores  of  all  four 
systems  taken  in  pairs,  i.c.  Racehilt  had  higher  scores  when  paired  with  each  of  tlu* 
other  systems;  ZAP-LOK  had  lower  scores  for  all  three  pairings.  The  scoring  indicates 
that,  considering  a wide  range  of  operating  conditions  and  general  requirements, 
Racehilt  is  the  superior  system.  However,  it  is  recognized  that  under  certain 
circumstances  and  given  specific  requirements,  another  system  could  perform  as  well 
us  or  better  than  Racehilt.  All  systems,  therefore,  are  capable  of  meeting  the  Militury 
requirements. 


On  the  basis  of  matcriul  uinl  system  design  characteristics  which 
served  us  the  basis  for  scoring,  pipe  sections  for  all  systems  liuve  the  same  nominal 
diameter.  The  pipe  material  then  is  a critical  factor.  With  the  exception  of 
PRONTO- LOCK,  all  systems  use  aluminum  pipe  that  can  he  bent  us  required  in  the 
field,  The  ZAP-LOK  system  is  the  most  permanent  of  the  four,  heaviest  in  weight, 
and  allows  the  longest  unsupported  length  of  pipeline.  ZAP-LOK  operates  under  the 
highest  working  pressure  (1000  lb/in3 ),  hence  requires  fewer  pumping  stations  thereby 
increasing  the  maximum  system  reliability.  Conversely,  the  PRONTO-LOCK  system 
cun  be  disassembled  and  reused  and  employs  the  lightest  sections  of  pipe,  but  Its 
nonnictalliv  construction  requires  more  support  per  pipeline  length  and  is  more 
vulnerable  to  abuse  (from  terrain)  than  any  of  the  other  systems.  PRONTO-LOCK 
operates  under  the  lowest  working  pressure  (150  lb/in3)  and,  on  the  busis  of  the 
number  of  pumping  stations  required,  this  limits  the  maximum  mathematically 
possible  system  reliability  that  cun  be  achieved. 

The  installation  procedures  individually  selected  for  the  four 
systems  were  considered  by  VfcCO  to  be  the  most  efficient  means  of  achieving  the 
required  installation  rate.  Racehilt  required  the  least  amount  of  skill  to  install.  The 
Joining  operation  involves  little  more  titan  aligning  two  mating  pipe  ends  and  bringing 
them  together  with  enough  thrust  to  lift  two  spring-loaded  latches  over  two  lugs.  The 
grooved-pipe  and  PRONTO-LOCK  systems  ulso  are  relatively  easy  to  install.  The 
ZAP-LOK  system  requires  the  most  skill  to  install  thus  milking  desirable  for  the  joining 
muehinc  operators  to  have  some  prior  training.  Since  the  ZAP-LOK  joint  is  relatively 
permanent,  an  improperly  made  joint  is  not  readily  corrected,  meaning  some  delay 
in  the  construction  operation,  ZAP-LOK  pipe,  for  that  matter,  can  be  joined  only 
with  mechanized  equipment,  whereas  Racehilt,  PRONTO-LOCK,  und  grooved-pipe 
sections  cun  be  assembled  by  hand.  The  grooved-pipe  installation  requires  the  longest 
time  per  joint  (8.55  minutes)  and  Rucebilt  the  shortest  (54  seconds).  Installation 
times  ure  clearly  subject  to  climatic  conditions  at  the  site.  Low  temperatures  would 
affect  the  time  required  to  upply  und  cure  the  epoxy  used  in  the  ZAP-LOK  system. 
All  systems  except  Rucebilt  would  require  low-temperuture  lubricants,  Ail  factors 
considered,  Racehilt  is  the  ousiest  system  to  install  and  ZAP-LOK  the  most  difficult, 
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Raeebilt  nlso  requires  the  least  number  of  trews  (total  manpower) 
to  meet  the  required  installation  rate,  aiul  erooved-pipe  requires  the  most  manpower 
( I able  II).  A Raeebilt  erew  requires  no  tools  lor  installation,  a PRON TO-LOC'K.  crew 
re<| Hires  only  the  use  of  a spanner  wrench;  a grooved-pipe  coupling  crew  would  use  a 
torque  wrench  and  an  alignment  cage;  and  a ZAP-LOK  crew  would  use  a hydraulic 
press  to  join  pipe.  Major  installation,  supply,  and  joining  equipment  requirements 
tor  each  system  (shown  in  Table  12)  are  dependent  on  many  variables.  Although  no 
one  system  is  superior  in  terms  of  equipment  utilized,  each  system  requirement  is 
lurge  considering  un  operation  of  this  scale.  Once  the  pipe  is  joined,  the  ZAP-LOK 
system  is  the  most  difficult  of  the  four  to  repair  and  maintain.  Replacement  of  a 
damaged  section  would  require  a crew  to  cut  out  the  dumaged  section  und  to  bell  and 
groove  mating  ends  in  the  field  unless  another  joining  operation  is  considered.  Repair 
of  damaged  sections  In  the  other  systems  would  require  simple  replacement  of  the 
damaged  sections. 

Development  of  any  of  the  four  concepts  into  a Military  system 
would  not  require  an  extended  time  period,  nor  would  it  involve  a high  risk.  All  the 
system  concepts  are  based  upon  commercially  proven  components.  There  ure, 
however,  certain  areas  which  require  investigation  if  the  systems  are  to  perform 
satisfactorily  in  the  Military  environment. 

The  durability  of  the  C’lBA-CiEICiY  PRONTO-LOCK  fiberglass 
pipe  material  would  need  to  be  established  with  respect  to  ultraviolet  (sunlight) 
exposure,  extreme  cold  temperatures,  und  physical  abuse.  The  Integrity  of 
field-bonded  pin-end  (mule)  fittings  when  accomplished  under  extreme  climatic 
conditions  would  need  to  be  established.  The  characteristics  and  limitations  of  the 
grooved-pipe  system  using  malleable  iron  couplings  and  steel  pipe  are  well  established. 
Similar  limits  with  regard  to  strength  and  durability  would  need  to  be  set  for  the 
aluminum  system.  The  primary  areas  of  concern  with  the  Race  und  Race  Raeebilt 
system  would  be  the  strength  of  the  fairly  light  gage  (schedule  10)  pipe,  the  durability 
and  vulnerability  of  the  cast-end  fittings,  und  the  effectiveness  of  the  rubber  seal 
ut  low  temperatures  and  low  line  pressures.  Development  of  the  ZAP-LOK  system 
would  involve  developing  a “militarized"  version  of  the  joining  equipment,  tailoring 
the  equipment  for  4-,  (>-,  and  8-inch  pipe  only,  und  other  similar  changes.  A reliable 
means  for  applying  the  epoxy  sealant  In  extreme  cold  and  wet  conditions  would  also 
need  to  be  developed. 

Bused  on  the  results  of  their  contract  effort,  the  Value  Engineering 
Company  concluded; 
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On  ( ho  basis  of  contact  with  prolossion;il  and  t riiilo  organizations  ami 
private  industry,  only  a lew  areas  of  pipeline  technology  have  shown  marked 
progress  or  development  in  the  last  several  years,  l or  example,  automata 
welding  techniques  have  improved  the  quality  of  joints;  but  because  there 
has  been  no  great  reduction  in  time  required,  rapid-welded  pipeline 
installation  is  not  possible.  Hose  is  relatively  versatile  and  can  be  easily 
transported  and  installed;  but  its  application  is  limited  by  its  low  working 
pressures. 


As  a result  of  the  information  obtained  and  on  the  basis  of  preliminary 
findings,  the  development  of  an  effective  concept  for  rapid  installation  of 
a system  for  distribution  of  bulk  fuel  appears  feasible,  using  relatively 
proven  technology. 


All  four  concepts  under  consideration  appear  lo  be  superior,  on  the 
limited  basis  of  the  preliminary  evaluation,  to  the  Military  systems  currently 
available. 

Of  the  four  system  concepts,  the  Rucebilt  system  runks  highest  by 
the  scoring  matrix  criteria,  while  the  PRONTO-LOCK  system  has  the  lowest 
projected  costs.  The  ZAP-LOK  system  required  the  fewest  men.  Depending 
on  the  Army's  area  of  emphasis,  any  of  the  four  concepts  explored  would 
be  suitable  for  further  development  as  a military  system. 


9.  Ancillary  Equipment.  In  addition  to  the  pipe  and  pumping  equipment, 
there  is  a wide  variety  of  components  required  for  safe,  efficient  pipeline  operation. 
Design  requirements  for  each  of  these  pipeline  components  are  dependent  on  many 
factors,  particularly  the  pipeline  size,  operating  pressure,  and  How  rate.  Selection 
of  the  proper  ancillary  equipment  is  an  essential  part  of  designing  a well-integrated 
pipeline  system, 

A detailed  examination  of  each  type  of  component  included  in  a pipeline 
system  is  beyond  the  scope  of  this  report.  Thus,  the  following  discussion  Is  intended 
only  to  identify  some  of  the  major  issues  that  must  be  considered  in  pipeline  design, 
To  the  extent  possible,  the  potential  impact  on  overall  system  cost  and  operational 
effectiveness  is  presented. 

a.  Pump  Station  Manifolds.  A typical  luyout  of  a pump  stution,  including 
four  pumps  interconnected  for  series  operation,  is  illustrated  in  Figure  33.  This 
manifold  layout  allows  maximum  flexibility  in  the  series  mode  of  pump  stution 
operation.  Any  desired  combination  from  one  to  four  pumps  may  be  operated 
simultaneously.  Valves  in  the  manifold  ullow  each  pump  to  be  Isolated  from  the 
manifold  pressure. 
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Tlu-  pump  station  manifold  can  he  considered  to  consist  of  several 
iliscrele  sections.  Hie  inioutinp  pipeline  or  trunk  line  lermimites  in  the  inlet  to  the 
incoming  pipe  cleaner  station.  This  section  ol  the  manifold  is  required  to  catch  or 
trap,  without  interrrupting  How,  any  internal  pipe  scrapers,  pigs,  or  other  pipe  cleaning 
devices  being  pumped  through  the  pipelines.  Similarly,  the  outgoing  pipe  cleaner 
station  provides  the  capability  to  introduce  scrapers,  pigs,  or  other  cleaning  devices 
into  the  How  stream  us  it  leaves  the  pump  station. 

The  intake  sundtrups  collect  dirt,  seule,  sludge,  and  other  debris 
pumped  through  the  pipeline  following  intitul  startup,  after  the  line  bus  been  broken 
for  maintenance,  or.thut  has  been  loosened  by  un  internal  scraper  or  pig.  Sundtraps 
are  intended  to  remove  large  particles  and  debris  which  might  damage  a pump,  lodge 
in  valves  rendering  them  inoperative,  or  otherwise  cause  operational  problems. 
Sundtrups  are  not  intended  to  serve  us  quality  control  devices. 

The  unit  pump  manifold  identified  in  Figure  33  includes  that  part 
of  the  pump  station  manifold  required  to  connect  one  pump  to  the  pipeline.  Thus, 
the  pump  station  munifold,  us  shown,  includes  four  unit  pump  inunifolds.  It  is  this 
portion  of  the  manifold  thut  changes  If  the  pump  stution  Is  designed  for  parallel 
pump  operation.  Figure  34  shows  schematically  u typical  layout  for  series  operation 
of  u four-pump  station.  Incoming  and  outgoing  pipe  cleuner  stutlons  and  u sand  trap 
stution  identical  to  those  illustrated  in  Figure  33  would  be  required  with  the  manifold 
connecting  the  pumps  in  purullct. 

The  number  of  valves,  fittings,  und  pipe  sections  are  upproximutely 
equal  for  either  pump  stutions  operating  In  parallel  or  series  assuming  each  station 
includes  an  equal  number  of  booster  pumps.  Examination  of  Figures  33  und  34  shows 
thut  a substantial  amount  of  construction  effort  will  be  required  If  a complete 
munifold  is  delivered  to  the  installation  site  as  individual  components,  The  size  and 
weight  would  preclude  shipping  a pump  station  manifold  prcassemblcd  as  a complete 
unit.  However,  it  would  be  possible  to  preassemble  the  incoming  and  outgoing  pipe 
cleaner  stations,  intake  sundtrups.  and  at  ieust  the  major  portion  of  the  punip 
munifolds  us  separate  units. 

(1)  Valves.  Control  of  flow  in  u pipeline  system  is  accomplished 
by  the  use  of  valves.  Essentially,  valves  perform  the  following  busle  functions: 

(a)  Start  or  stop  flow. 

(b)  Determine  und  change  direction  or  path  of  flow, 
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(c)  Prevent  backflow. 


(il ) Relieve  nr  regulate  pressure. 

To  meet  the  vuried  flow  control  requirements,  the  list  of  types  of 
valves  is  virtually  endless.  Vulves  must  be  properly  selected  and  maintained  to  provide 
the  desired  service.  Because  of  the  many  types  of  valves  available  and  the  differing 
operational  requirements,  this  study  does  not  attempt  to  make  an  In-depth  evaluation 
of  valves,  instead,  this  discussion  is  limited  to  the  contribution  of  valves  to  the  cost 
and  weight  of  pump  station  manifolds. 

Table  13  lists  the  approximate  cost  and  weight  of  cast  steel  rising 
stent  gute  valves  and  swing  check  valves.  The  manifold  for  u single  pump  booster 
stution  of  the  configuration  shown  in  Figure  33  Includes  at  least  10  gate  vulves  and  2 
check  valves.  For  euch  additional  pump  added  to  the  manifold,  2 gate  vulves  and 
1 check  valve  ure  required.  Becuuse  of  the  number  of  valves  required  and  their  high 
cost  and  weight,  vulves  represent  more  thun  half  the  total  cost  und  weight  of  u pump 
stution  muni  fold. 


Although  difficult,  it  would  be  possible  to  install  4-Inch,  l So- 
und 300-pound-cluss  vulves  and  6-inch,  ISO-pound-class  valves  without  the  uid  of 
mutcriuls  handling  equipment.  Beyond  these  sizes  und  weights,  it  becomes  essential 
to  have  some  typo  of  support  equipment  available  for  vulve  Installation.  Even  then, 
ussembly  of  pump  stution  manifolds  will  be  u slow,  luborlous  tusk  requiring  several 
men.  Muxiinum  preassembly  of  pump  station  manifolds  will  substantially  reduce 
the  time  und  manpower  required  for  pump  stution  construction. 

Improvements  in  vulve  technology  in  recent  years  have  been 
primarily  through  the  introduction  to  new  materials.  Coatings  applied  to  internal 
vulve  purts  have  led  to  substantial  improved  performance  of  vulves  in  highly  corrosive 
applications.  Re  in  forced-plastic  valves  ure  finding  acceptance  for  some  low-pressure 
applications.  Typicully,  butterfly  vulves  ure  smaller,  weigh  much  less,  and  are  less 
expensive  than  othe  types  of  valves.  Improved  designs  have  led  to  greater  utilization 
of  butterfly  vulves  for  applications  up  to  150-lb/in2  pressure  differential.  Butterfly 
vulves  with  pressure  ratings  up  to  720  lb/in2  for  sizes  up  to  12  incites  have  recently 
become  available  from  a few  manufacturers.  Virtually  no  dutu  is  available  regarding 
the  reliability  and  maintenance  characteristics  of  the  vulves. 

The  changes  in  valve  technology  do  not  Indieutc  u need  for  uny 
significant  change  from  the  types  of  valves  currently  in  use  throughout  the  petroleum 
pipeline  industry.  However,  future  Military  pipeline  design  und  development  programs 
should  include  a thorough  survey  of  the  vulve  industry  to  insure  tliut  no  opportunity 
for  Improvement  hus  been  overlooked. 
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(2)  Fittings,  included  in  the  broad  category  of  fittings  are  elbows, 
tees,  wyes,  crosses,  reducers,  unions,  plugs,  return  bends,  and  many  other  specialty 
items.  Fittings  used  to  connect  the  various  parts  of  a system  may  be  made  of  a wide 
range  of  materials  to  meet  various  service  requirements.  Fittings  are  manufactured 
in  a wide  range  of  standard  types  and  sizes  for  use  with  all  types  of  mechanical 
couplings  as  well  us  for  welded  joints. 

individually,  fittings  represent  a small  part  of  the  cost  und  weight 
of  u complete  manifold.  However,  due  to  the  large  number  required  in  u complex 
munifold,  fittings  muy  represent  u significant  part  of  the  total  manifold  cost  und 
weight.  Use  of  stundurd  fittings  and  elimination  of  the  need  for  specialty  items  is  an 
essential  purt  of  good  manifold  design. 

Virtually  every  conceivuble  technique  suitable  for  joining  pipe 
could  be  used  for  connecting  parts  within  a pump  station  manifold.  However,  the 
technique  best  suited  for  joining  pipe  muy  not  necessarily  be  well  suited  for  uli  joints 
within  a punip  station  manifold.  For  example,  welding  would  not  be  u suitable  means 
for  connections  to  pumps,  valves,  und  other  components  which  may  require  removal 
for  repuir  or  replacement. 

Selection  of  the  type  of  fittings  and  method  of  Joining  to  be  used 
within  pump  station  and  tank-farm  manifolds  will  require  careful  study  after  the 
pipeline  joining  method  is  selected.  It  is  important  to  remember  that  leaks  are  most 
likely  to  occur  at  mechanical  joints.  Thus,  it  Is  imperative  that  the  fittings  selected 
have  a pressure  rating  compatible  with  the  pipeline  operating  conditions  and  that  the 
number  of  Joints  be  held  to  a minimum.  The  versatility  of  the  currently  standard  Mili- 
tary grooved-end  mechanical  couplings  mokes  this  Joining  technique  extremely  well 
suited  for  Military  applications.  Other  than  the  possible  use  of  aluminum  fittings  in 
lieu  of  steel  to  reduce  maintenance  requirements,  preliminary  evaluations  indicate  little 
potential  for  improving  Military  manifold  designs. 

The  approximate  cost  of  pump  station  manifolds  using  grooved 
couplings  is  shown  in  Figure  35.  The  top  three  curves  represent  the  estimated  costs  for 
4-,  6-,  and  8-inch-nominal-diameter  manifolds  for  a one  pump  station  of  the  general 
configuration  illustrated  in  Figure  33.  The  cost  of  a unit  pump  manifold  Is  represented 
by  the  lower  three  curves  in  Figure  35.  Thus,  the  cost  of  a complete  four-pump 
manifold  as  shown  in  Figure  33  would  be  equal  to  the  cost  read  from  the  manifold 
cost  curve  for  the  appropriate  line  size  plus  three  times  the  unit  manifold  cost  read 
from  the  appropriate  unit  manifold  curve  In  Figure  35. 
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Using  the  same  approach,  the  approximate  weight  of  a pump 
station  manifold  can  he  determined  using  Figure  36.  The  valves,  sand  trap,  and  cleaner 
stations  comprise  the  majority  of  a pump  station  manifold  cost  and  weight.  Use  of  a 
joining  technique  other  than  grooved  couplings  would  have  little  effect  oil  the  total 
manifold  cost  or  weight.  Therefore,  Figures  35  and  36  are  used  throughout  this 
report  as  being  representative  of  pump  station  manifold  costs  and  weights  without 
regard  for  the  pipeline  joining  technique  used. 

b.  Pressure  Regulation.  The  pressure  ut  any  point  in  u pipeline  is  u 
function  of  both  static  and  dynamic  head.  Because  of  the  effects  of  gravity,  liquids 
ulways  tend  to  move  toward  the  center  of  the  earth.  This  characteristic  creates  a 
pressure,  normally  referred  to  as  stutic  head,  proportional  to  the  vertical  distance 
between  the  liquid  surface  and  the  point  where  the  pressure  is  nieusured. 

If  How  in  u pipe  is  uphill,  the  static  head  resists  flow  and  udds  to  the 
energy  that  must  be  supplied  by  u pump  to  ohtuln  the  desired  rute  of  How.  When 
How  is  downhill,  the  static  pressure  tends  to  push  the  liquid  through  the  pipeline, 
helping  to  overcome  the  friction  loss  from  the  fuel  flow.  When  pumping  is  interrupted 
uiui  the  pipeline  is  shut  down,  there  is  no  friction  loss  to  offset  the  stutic  heud.  Thus, 
on  the  downhill  run,  the  pressure  at  the  lowest  point  in  the  pipeline  muy  be  higher 
under  no-flow  conditions  than  when  (lowing, 

The  need  for  pressure  regulation  in  Mllitury  pipeline  was  first  identified 
during  World  War  II.  Construction  of  pipelines  over  the  Hlmuluyu  Mountains  in 
Chlnu-llurmu  Theater  and  In  mountainous  terruin,  such  us  found  In  Northern  ltuly, 
found  locutions  where  stutic  pressure  could  become  excessive. 

In  1953,  the  U.S.  Army  Engineer  Research  und  Development 
Luborutorles  (USAERDL)  ut  Fort  Belvolr.  Virginia,  initiated  a study  of  the  problem 
of  Military  pipeline  pressure  regulation  requirements.  Approximately  22 
manufacturers  were  contacted  to  determine  commercial  availability  of  suitable  pressure 
regulating  equipment.  At  that  time,  one  valve  manufacturer's  control  equipment 
appeared  suitable  for  application  to  a Military,  portable,  pressure-regulutlng  station, 
Evaluation  tests  on  these  valves  begun  in  October  1954  and  reveuled  thut  the  rubber 
oxpunduble  tubes  which  were  the  prime  components  of  the  vulves  would  not  operate 
effectively  at  subzero  temperatures  and  a low-temperature,  fuel-resistant  rubber  was 
not  uvullable, 

In  1956,  u contract  was  awarded  to  Arland  Engineering  Company  to 
Investigate,  evaluate,  und  select  suitable  pressure-regulutlng  equipment.  The  final 
report,  titled  "Pressure-Regulation  Valves  for  Mllitury  Pipelines,"  wus  submitted  to 
the  Chief  of  Engineers,  U.S.  Army,  in  April  1957.  This  report  recommended  a valve. 
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but,  again  it  wus  Ineffective  for  operation  at  subzero  temperatues.  During  this  study, 
assistance  was  solicited  from  41  valve  manufacturers,  35  pipeline  operators,  5 pipeline 
design  and  engineering  organizations,  and  the  American  Petroleum  Institute  Committee 
on  Pipeline  Transportation.  The  general  comments  received  from  these  organizations 
indicated  the  following: 

(1)  The  type  of  pressure  regulation  used  on  commercial  overland 
pipelines  is  determined  by  tile  requirements  of  a specific  locution  and  application. 

(2)  Each  design  Is  peculiarly  suited  for  that  locution. 

(3)  No  two  designs  are  necessurily  alike, 

The  design  restraints  or  requirements  for  commercial  applications 
ure,  therefore,  somewhat  different  from  the  initial  Military  objective  of  using  one 
stundurd  presBuro-reguluting  station  assembly  for  all  requirements,  it  is  noteworthy 
that,  subsequent  to  this  period  (1956-57).  the  Miiitury  objective  changed  to  one  of 
applying  a variety  of  pressure-regulating  stations  to  meet  all  Miiitury  requirements, 
ruthcr  than  one  regulating  station  far  all  Miiitury  requirements.  During  this  1956-57 
study,  correspondence  from  u leading  pipeline  design  and  construction  firm  indicated 
that  It  wus  being  faced  with  a complex  pressure-regulating  problem  concerning  a 
proposed  pipeline  aver  rugged  terrain  front  Sleaslca,  Bolivia,  to  Arieu.  Chile.  The 
remoteness  of  this  pipeline  indicated  a need  for  pressure  regulating  stations  that  were 
operated  solely  by  hydraulic  pressure  and  were  self-regulated,  automatic,  und 
unattended. 


In  June  I960,  the  Petroleum  Equipment  Brunch  (USAERDL) 
completed  a study  to  Investigate  the  requirements,  methods,  and  equipment  for 
pressure  regulation  In  lung,  downhill,  Military-pipeline  sections  or  where  the  pipeline 
profile  forms  a deep  gorge.  Included  in  this  study  wus  additional  testing  and  evaluation 
of  un  improved  version  of  the  regulating  valve  that  was  evaluated  in  the  two  previous 
studies  of  1953  und  1956-57.  As  in  previous  programs,  the  testing  found  the  valve 
would  not  operate  effectively  at  subzero  temperatures.  Conclusions  drawn  in 
USAERDL  Technical  Report  1 639-TR,  "Pressure  Regulation  in  Long  Downhill 
Sections  of  u Military  Pipeline."  dated  June  l%0,  by  M.  A.  Paehutu,  indicated 
additional  study,  design,  und  development  were  required  to  obtain  suitable 
pressure-regulating  equipment. 

Commercial  methods  used  to  overcome  the  high  pressure  resulting  from 
lurge  changes  in  elevation  include: 
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( 1 ) Use  of  welded  pipeline  construction  exclusively,  which  inherently 
will  withstand  higher  pressures  than  coupled  lightweight  tubing, 

(2)  Change  to  a Jieuvier-wull  pipe  in  critical  ureas  of  u pipeline  where 
excessive  pipe  pressures  could  be  encountered. 

(3)  Use  of  a smallcr-diameter  pipe  while  maintaining  or  increasing 
the  wall  thickness  to  accommodate  higher  pressures  associated  with  critical  sections 
of  pipeline. 

(4)  Installation  of  a relief  valve  and  piping  to  u storage  tank  in  arcus 
of  a pipeline  where  critical  pressures  could  be  encountered.  Whenever  excessive 
pressures  occur,  product  is  relieved  to  storage  and  later  pumped  back  into  the  pipeline. 

(5)  Control  of  pipeline  pressure  limits  with  pressure-reguluting  valves 
or  shutoff  vulves  that  are  powered  with  an  externul  source  of  power,  such  as  electricity 
or  compressed  uir. 

(6)  Control  of  pipeline  pressure  limits  with  pressure-regulating  valves 
that  are  powered  with  the  hydraulic  pressure  of  the  product  being  conveyed  In  the 
pipeline. 


In  November  1965.  the  Department  of  the  Army  upproved  a Smull 
Development  Requirement  for  u “Family  of  Pressure-Regulutlng  Equipment,  6-,  8*. 
und  12-Inch,  Mllitury  Petroleum-Products  Pipelines." 

In  October  1969,  Williams  Brothers  Engineering  Compuny,  Resource 
Sciences  Center,  was  uwurded  Contract  DAAKD2-70-C-01 19  for  the  design  of  portable 
pressure-regulating  stations  for  critical  downhill  sections  of  6-,  8-,  and  1 2-melt  Military 
petroleum  fuel  pipelines.  The  final  report,  "Portuble  Pressure-Regulating  Systems  for 
Critical  Downhill  Section  of  6-,  8-,  und  12-Inch  Mllitury  Petroleum  Pipelines,  Report 
No,  2,"  duted  September  1970,  contains  drawings  and  specifications  for 
pressure-regulating  stations. 

Funding  limitations  ut  titat  time  prevented  the  lubrication  und  testing 
of  the  Military-designed  pressure-regulating  station.  However,  Williams  Brothers 
Engineering  Compuny  has  built  and  installed  u commercial  station  which  is  u modified 
version  of  the  Military  station.  Complete  details  of  the  1969-70  development  effort 
are  contained  in  Teehnleul  Report  20i7,  “Portuble  Pressure-Regulation  Stution  for 
Critical  Downhill  Sections  of  ft-.  8-,  and  1 2-Inch  Mllitury  Fuel  Pipelines,’*  prepared  by 
II.  N.  Johnston,  Fuels  Handling  Equipment  Division,  MERDC,  duted  November  1971, 
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The  need  lor  11  pressure-reducing  station  suitable  lor  worldwide  use 
remains.  Specific  operational  requirements  must  be  established  based  on  the  line 
si/os.  operating  pressures  and  flow  rates  determined  to  be  suitable  for  future  Military 
pipelines. 


c.  Controls.  Today  every  commercial  pipeline  uses  some  automatic 
and/or  remote  controls.  Some  of  the  more  sophisticated  facilities  ullow  one  dispatcher 
to  operate  an  entire  complex  pipeline  system.  This  high  degree  of  automation  is  made 
possible  through  the  use  of  computers  which  cun  monitor  almost  every  performance 
characteristic  throughout  the  entire  system,  in  some  instances,  the  complex 
Instrumentation,  sensing  a given  condition,  sends  a signal  to  the  computer  which  makes 
a decision  and  transmits  a signal  to  the  appropriate  automatic  control  device  making 
the  necessary  change  in  operating  conditions.  In  other  cases,  the  sensor  signal  muy  be 
displuyed  visually  for  the  dispatcher  to  interpret  und  Initiate  the  required  action, 

The  pipeline  control  functions  can  be  divided  into  two  categories: 
dispatching  and  pump  station  control.  The  dispatching  eun  include  control  of  ull 
storage  terminals  associated  with  »hc  pipeline  or  can  be  limited  to  just  the  pumping 
equipment,  control  vulves.  und  other  components  related  solely  to  operation  of  the 
pipeline  itself. 


In  a totully  automated  and  centrally  controlled  system,  each  storuge 
tank  would  be  equipped  with  u sensor  device  to  provide  the  dispatcher  with  un 
indication  of  the  quantity  of  fuel  in  the  tank,  All  How-control  valves  would  be 
operated  by  electric,  hydraulic,  or  pneumatic  uctuators  and  controlled  by  a switch 
on  the  dispatcher  control  panel.  Instrumentation  would  be  required  to  provide  the 
dispatcher  with  an  indication  of  each  valve  position.  In  addition,  the  dispatcher 
would  have  the  capability  to  sturt,  stop,  control,  and  monitor  the  performance  of 
ull  pumping  equipment  associated  with  the  system,  Bceuuse  of  the  remoteness  of  the 
dispatch  r to  muny  of  the  facilities,  u complex  dutu  communications  system  is 
required. 


There  Is  not  universal  agreement  among  pipeline  operating  companies 
regarding  the  degree  of  automation  that  cun  be  Justified  economically.  Automated 
dispatcher  control  systems  muy  prove  feasible  for  commercial  operation  where,  over 
u period  of  scvcrul  yeurs,  the  reduction  in  operator  personnel  cost  muy  offset  the 
Initial  investment  costs,  However,  for  the  relatively  short  duration  u Military  pipeline 
would  normally  be  in  service,  the  high  Investment  cost  of  un  automated  central 
dispatcher  control  capability  cannot  be  justified. 

Automation  of  some  pump  stutlon  control  functions  can  be  considered 
optlonul.  However,  there  are  some  pressure  control  functions  that  require  automatic 
control  for  safe,  efficient  pipeline  operation, 
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Automation  of  the  normal  pump  station  startup  ami  shutdown 
procedures  are  optional.  Automatic  controls  are  commercially  availuhle  which,  upon 
receiving  the  proper  signal.  will  follow  a prescribed  procedure  and  sequence  to  start  up 
the  pump  station  and  bring  it  to  some  predetermined  operating  condition.  The  same 
automatic  controls  can  be  programmed  to  shut  down  the  entire  station  upon  command 
from  the  dispatcher  or  from  a local  operator.  As  with  fully  automating  a pipeline 
system  for  single  dispatcher  control,  the  cost  of  a fully  automated  pump  station 
startup  utul  shutdown  capability  Is  not  economically  Justified  for  military  pipeline 
systems. 


The  essential  requirements  for  automatic  pump  station  controls  involve 
maintaining  acceptable  suction  and  discharge  pressures  for  pump  stations  in  tight  line 
operations.  The  requirement  for  uutomutic  control  of  pump  stution  suction  and 
discharge  pressures  can  be  seen  by  examining  the  hydraulic  graiiicnts  shown  in  Figure 
37.  If,  in  Figure  37,  the  normal  pump  station  operating  conditions  arc  300  lb/in2 
disc' urge  pressures  und  20  lb/in2  suction  pressure,  the  normul  hydruulie  grudient 
will  be  as  shown.  If  300  lb/in2  represents  the  muxlmuni  safe  working  pressure, 
controls  must  be  provided  to  prevent  a higher  pressure.  In  addition,  If  20  lb/in2  Is  the 
minimum  required  suction  pressure,  the  controls  must  prevent  loss  of  suction  pressure 
or  damage  to  the  pumps  will  result. 


Figure  37.  Hydraulic  gradient  for  thrae>pump>station  pipeline. 

if  the  dispatcher  wants  to  reduce  the  throughput  rutc,  he  will  reduce 
the  discharge  pressures  at  pump  stution  A,  This  pressure  reduction  will  result  in  a 
reduced  flow  gradient  between  pump  stutions  A und  13.  If  pump  stations  B und  C 
uttempt  to  continue  to  operute  on  their  normul  gradients,  the  grudient  between  A 
und  B will  uttempt  to  assume  the  same  How  rate  or  grudient,  Since  the  dispatcher 
lias  reduced  the  pressure  at  A,  the  only  wuy  the  grudient  between  A und  B cun  be 
mude  to  assume  a steeper  unglc  thun  the  reduced  gradient  shown  is  by  lowering  the 
suction  pressure  at  B.  Since  20  ib/ln2  is  the  minimum  required  suction  pressure, 
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station  11  must  reduce  its  How  rate  to  match  the  new  How  rate  at  station  A to  maintain 
adequate  suction  pressure.  Similarly,  when  station  11  reduces  the  throughput  rate, 
station  ('  must  reduce  its  throughput  rate  to  avoid  a low  suction  pressure.  In  a totally 
automated  pipeline,  the  control  system  will  automatically  adjust  the  opera  tint: 
conditions  at  stations  11  and  C so  that  each  station  is  pumping  at  the  same  rate  it  is 
i ccen  ing. 


Without  un  automatic  control  system,  the  pump  station  operators 
must  make  these  adjustments,  lixtromely  close  coordination  between  pump  station 
operators  is  required,  livery  adjustment  of  operating  conditions  at  one  station  affects 
the  conditions  at  every  other  station  along  the  pipeline.  Unless  the  pump  station 
operators  follow  the  uppropriutc  procedures,  every  adjustment  of  operating  conditions 
becomes  a continuous  process  of  adjustments  as  each  pump  station  “hunts"  for  the 
desired  operating  conditions. 

A more  serious  condition  occurs  in  the  event  of  an  unexpected  change 
of  operating  conditions.  Assume  u pipeline  system  is  operating  at  the  conditions 
indicated  by  the  normal  gradient  in  Figure  37  and  pump  station  11  shuts  down  due 
to  u mechanical  failure  of  the  pump.  Operating  conditions  along  the  entire  system 
will  be  affected  immediately. 

When  station  U shuts  down,  the  suction  pressure  at  B will  rise  because 
the  pump  is  no  longer  taking  the  flow  away  from  the  receiving  line.  If  pump  station 
A attempts  to  continue  operating  at  the  same  throughput  rate,  the  increase  in  suction 
pressure  will  cause  the  normal  gradient  from  A to  11  to  move  up  trying  to  maintain 
the  same  slope,  This  results  in  an  Increase  in  discharge  pressure  at  pump  station  A. 
If  the  300  lb/lnJ  discharge  pressure  at  each  pumpstation  is  equal  to  the  maximum  safe 
operating  pressure,  the  increased  operating  pressure  resulting  front  a pump  failure 
at  station  11,  will  cause  the  discharge  pressure  at  station  A to  exceed  the  maximum 
safe  operating  pressure.  To  avoid  u possible  line  rupture,  each  pump  station  must 
have  discharge  pressure  controllers  to  reduce  the  throughput  rate  or  shut  the  system 
down  in  the  event  any  pump  station  except  the  first  is  shut  down  unexpectedly. 

Continuing  the  same  exumple,  when  pump  stution  B shuts  down,  the 
discharge  pressure  will  drop.  This  drop  in  discharge  pressure  at  station  B will  result 
in  u drop  in  the  suction  pressure  at  station  C.  As  discussed  previously,  the  throughput 
rate  at  C must  be  reduced  accordingly  to  avoid  operating  at  conditions  below  the 
minimum  required  suction  pressure. 

A wide  range  of  events  can  cause  changes  in  pipeline  operating 
conditions  which  necessitate  adjustments  In  throughput  rutes.  Other  events  may 
require  totul  shutdown  of  all  pump  stations,  For  example,  consider  what  would 
happen  if,  In  Figure  37,  station  D is  u receiving  terminal  and,  In  the  process  of 
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switching  tanks,  all  valves  arc  inadvertently  closed  before  opening  a valve  to  another 
receiving  tank.  All  pump  stations  must  be  shut  down  immediately  to  avoid 
overpressuring  the  pipeline. 

A sudden  drop  in  operating  pressure  must  also  result  in  shutdown  of 
all  pump  stations.  A drop  in  suction  pressure  at  station  B,  Figure  37,  could  result 
from  nunieroMs  causes  including  an  intentional  reduction  of  throughput  rate  at  station 
A or  failure  of  one  pump  in  a niuitipump  operation,  In  both  of  these  cases,  it  would 
be  acceptable  for  stations  ti  and  C to  immediately  adjust  their  operating  conditions 
to  mu  tell  station  A und  allow  the  system  to  continue  to  operate  at  a reduced  rate. 
However,  the  drop  in  suction  pressure  at  station  B could  aiso  be  a result  of  a partial 
rupture  in  the  pipeline  somewhere  between  stations  A and  B.  If  the  rupture  is  very 
Jose  to  station  B,  the  discharge  pressure  at  station  A will  not  be  affected  significantly. 

Without  the  aid  of  extensive  condition  monitoring  equipment  to 
immediately  identify  the  cause  of  any  abrupt  change  in  operating  conditions,  the 
pump  pressure  controllers  must  shut  the  pumps  down  when  preset  limits  are  exceeded. 
If  after  determining  the  cause  of  the  shift  in  operating  conditions  it  is  found  safe  to 
resume  operations,  normal  startup  procedures  can  be  followed  to  establish  the  desired 
operating  conditions.  This  operating  procedure  will  result  in  shutting  the  system  down 
sometimes  when  it  may  not  be  necessary,  but  It  also  precludes  unnecessary  damage 
to  equipment  and  excessive  fuel  spills. 

In  addition  to  monitoring  und  controlling  suction  und  discharge 
pressure,  safety  devices  are  required  to  protect  pumping  equipment  against  excessive 
temperature  of  cooling  water  or  lubricating  oil.  Insufficient  lubricating  oil  pressure, 
ami  overspeed  of  the  pump  engine.  Sensors,  transducers,  uctuutors,  und  other 
automatic  equipment  suitable  for  monitoring  und  control  of  pipeline  pumping 
conditions  ure  available  commercially.  Very  little  specialized  equipment  Is  required 
lo  provide  all  neecssury  controls. 

d.  Flow  Measurement,  in  the  past,  the  Army  has  placed  little  emphasis 
on  continuous-flow  measurement  devices  as  components  of  pipeline  systems. 
However,  recently  there  lias  been  growing  interest  in  volumetric  measurement  of  fuels 
at  all  levels  in  Military  fuels  distribution  systems.  An  examination  of  pipeline 
operations  finds  that  accurate  flow  measurement  data  can  be  used  profitably  in  the 
management  and  control  of  pipelines. 

There  are  a variety  of  volumetric  measurement  techniques  in 
commercial  use  today,  A number  of  new  flow-measuring  instruments  have  been 
developed  recently  to  satisfy  exacting  industrial  requirements  und  to  overcome  many 
of  the  problems  associated  witli  traditional  devices  in  special  applications.  Still,  the 
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most  common  type  of  volumetric  measuring  devices  in  use  toduy  are  positive 
displacement  meters.  These  meters  use  some  nicchunicul  method  to  divide  the  Dow 
through  the  meter  into  a sequence  of  fixed  volumes.  By  counting  the  number  of  fixed 
quantities  passing  through  the  meter,  a highly  accurate  measure  of  rate  of  How  is 
determined. 


Desirable  features  of  positive  displacement  meters  include  their  high 
accuracy,  long  life,  and  direct  drive  of  mechanical  readout  devices  eliminating  the  need 
for  an  external  power  source.  Disadvantages  include  high  initial  cost,  difficulty  In 
calibration,  and  heavy  weight.  A large  number  of  manufacturers  produce  standard 
models  of  positive  displacement  meters  offering  every  conceivable  capacity  range  and 
pressure  rating. 


Vortex  velocity  meters  have  gained  limited  Mllitury  acceptance.  In 
these  meters,  a paddle-wheel-  or  squirrel-cage-type  rotoi  is  mounted  In  an  offset 
chamber  so  that  one  side  of  the  rotor  extends  Into  the  flow  stream.  The  motion 
of  the  liquid  through  the  meter  turns  the  rotor  at  a speed  proportional  to  the  rate 
of  flow,  Like  the  positive  displacement  meters,  vortex  velocity  meters  can  drive  a 
mechanical  readout  device  without  using  external  power,  if  necessary,  the  meter  can 
be  used  to  drive  a signal  generator  with  the  output  fed  to  a remote  electrical  readout 
device. 


The  principal  advantages  of  vortex  velocity  meters  are  low  cost,  light 
weight,  und  ease  of  maintenance  and  calibration.  They  have  good  accuracy  over  the 
rated  How  range  but  suffer  u relatively  high  pressure  loss.  At  low  flow  rutes,  the 
meters  arc  highly  Inaccurate;  thus,  it  Is  Imperative  that  a vortex  velocity  meter  be  of 
the  proper  size  for  the  specific  application. 

Produced  by  Ball  Manufacturing,  Inc.,  North  Salt  Luke.  Utah,  the 
vortex  velocity  meter  is  available  in  five  standard  sizes,  having  rated  flow  ranges  of 
6 to  50,  25  to  200.  60  to  500,  120  to  1,000  and  260  to  2,600  gallons  per  minute. 
The  25  to  200  und  60  to  500-gal/mln  sizes  conform  to  the  requirements  of  Military 
Specifications  MIL-M-821 80  (MC), 

A vuriety  of  meters  have  been  evaluated  by  MKRAlX'OM  for 
volumetric  measurement  of  fuel  ut  large  bulk-storage  tank  installations.  Details  of 
this  test  und  evaluation  program  are  contained  in  USAMERDC  Report  2024. 
“Bidirectional  Meter  Used  for  Volumetric  Measurement  of  Militury-Stundurd 
Hydrocarbon  Liquid  Fuels  at  Bulk  Storage  installations,’' dated  February  1972,  by  Joe 
Medrano.  As  u result  of  this  program,  a vortex  velocity  meter  is  included  as  a part 
of  the  ancillary  support  equipment  for  the  25,000-burrel  hasty  storage  reservoir 
type-classified  in  1 976. 
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Turbine  meters  use  u multivane  propeller  or  turbine  rotor  positioned 
so  that  the  axis  of  rotation  coincides  with  the  centerline  of  the  pipeline.  Flow  through 
the  meter  turns  the  rotor  at  a speed  proportional  to  the  rate  of  flow.  Magnetic  ele- 
ments on  the  turbine  blades  passing  sensing  devices  on  the  meter  body  generate  an  elec- 
tronic pulse,  This  signal  may  be  fed  directly  to  a readout  device  or  transmitted  to  u 
remote  readout  device.  When  properly  installed,  turbine  meters  are  very  accurate. 
However,  they  are  sensitive  to  changes  in  pipeline  configuration  immediately  ahead  and 
downstream  of  the  meter.  The  turbine  meter  Is  extremely  lightweight,  but  remote 
electronic  readout  devices  requiring  explosion-proof  cases  can  become  bulky  and 
heavy.  Available  from  several  manufacturers,  turbine  meters  tend  to  be  relatively 
expensive. 


Pressure  differential  or  orifice-type  meters  operate  on  the  principle  that 
a change  in  velocity  of  the  liquid  flowing  through  the  meter  produces  a change  In  pres- 
sure. The  amount  of  pressure  chungc  is  dependent  on  and  can  be  correlated  to  the  rate 
of  flow.  Mechanical  devices  can  be  used  to  convert  the  differential  pressure  to  an 
indication  of  How  rate.  More  commonly,  it  is  desired  to  record  the  throughput.  In 
this  event,  an  electronic  integrator  must  be  used  in  conjunction  with  some  type  of 
timing  device.  Differential  pressure  meters  are  lightweight  and  low  in  cost.  Problems, 
include  the  need  to  cullbrutc  the  meter  in  the  installed  position  and  the  accurucy  thut  is 
affected  by  the  specific  gruvlty  of  the  liquid  being  measured. 


Several  flow-measuring  devices  bused  on  the  vortex-shedding  phenom- 
enon huve  emerged  recently.  When  a liquid  must  pass  uround  a fixed  obstruction  In 
the  flow  stream,  vortices  form  on  the  downstream  side  of  the  obstruction.  The  forma- 
tion of  these  vortices  is  uccompunled  by  u pressure  pulse.  The  frequency  of  the  pres- 
sure pulses  involved  in  vortex  formation  cun  be  related  to  fluid  velocity  which  is  u 
function  of  flow  rate.  A number  of  different  types  of  obstructions  urc  used  to  produce 
vortex  formation  depending  on  the  technique  used  to  convert  the  pressure  pulses  to  an 
electronic  signal  thut  can  be  integrated  with  a time  signal  and  fed  to  the  desired  flow 
measurement  reudout. 


The  Coanda  effect  and  jet  deflection  principle  have  been  borrowed 
from  fluidic  technology  for  two  new  methods  of  flow  measurement.  In  each  case  the 
fluidic  phenomenon  is  used  to  generate  a pressure  differential  which  is  proportional  to 
the  rute  of  flow,  Anulog  circuits  convert  the  pressure  differential  data  to  an  electronic 
signal  which  can  be  displayed  on  the  desired  reudout  device. 


Other  types  of  electronic  flow  meters  use  electromagnetic  flow-sensing 
elements,  ultrasonic  Doppler-effect.  and  differential  capacitance  of  pressure-sensing 
diaphragms,  These  volumetric  measuring  techniques  along  with  the  vortex-shedding, 
Counda  effect,  und  jet  deflection  principles  involve  no  mcchunlcal  devices.  Using  solid 
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state  electronics,  these  flow  meters  should  have  good  reliability.  Like  pressure  differ- 
ential meters,  these  flow  measuring  devices  should  be  calibrated  in  the  installed 
position  and  they  require  a constant  supply  of  electrical  power. 

features  to  he  considered  in  selecting  the  meter  most  suitable  for  Army 
field  use  include: 


{! ) Linear  rangeability. 

(2)  Repeatability. 

(3)  Meter  reproducibility. 

(4)  Sensitivity  to  viscosity. 

(5)  Meter  factor  adjustment. 

(6)  Meter  factor  consistency. 

(7)  Compatibility  to  fuels. 

(8)  Service  life. 

(9)  Readout  restrictions. 

( 1 0)  Ease  of  maintenance. 

( I i ) Calibration  requirements. 

(12)  Physical  characteristics. 

(13)  Cost. 

Evaluation  of  meter  characteristics  against  these  factors  finds  the  vortex 
velocity  meters  to  most  neurly  satisfy  all  requirements. 

e.  Product  Loss  Reduction  Service,  Past  history  of  military  pipeline 
operations  show  large  losses  of  fuels  have  occurred  due  to  ruptured  or  broken  pipe- 
lines, Some  of  these  losses  have  resulted  from  operational  failures;  however,  most  of 
the  losses  have  been  the  result  of  hostile  actions,  sabotage,  or  pilferage.  As  a result  of 
such  losses,  the  Vietnam  Laboratory  Assistance  Program  (VLAPA)  requested  a means 
of  automatic  shutoff  in  a pipeline  so  that  fuel  would  not  drain  from  the  entire  line  in 
the  event  of  damage  or  pllferuge. 

Under  modification  P0003  to  MERADCOM  Contract  No.  DAAK02* 
70-C-Q119,  Williams  Brothers  Engineering  Company  designed  a system  consisting  of 
three  major  functional  components: 

(I)  A full-opening  ball  valve  equipped  with  an  actuator  controlled  by 
back  pressure,  a lockout,  and  an  exhaust  pilot  valve. 


orifice. 


(2)  An  excess-flow  pilot  valve  designed  to  function  with  an  upstream 
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(3)  A volumetric  flowmeter. 


Unique  characteristics  of  the  system  arc  us  follows:  , , 

(1)  The  system  will  shut  down  u pipeline  in  both  the  flowing  and 
static  conditions  in  case  of  u line  break  without  using  any  cxlernul  power  sources. 

(2)  Maintenance  may  be  performed  with  a minimum  of  special 

equipment. 

(3)  The  system  may  be  used  in  worldwide  environments. 

(4)  The  system  provides  u means  to  isolate  and  locate  a line  breuk. 

(5)  The  system  provides  for  the  use  of  pipeline  scrapers  to  clean  the 
line. 

The  design  study”  concludes  that: 

( 1 ) To  provide  u meuns  of  automatic  shutoff  for  reduction  of  product 
loss  due  to  failure  or  deliberate  destruction  of  military  pipelines,  the  line  must  be 
divided  into  sections  with  automutic  shutoff  valves,  thus  reducing  the  amount  of  pro- 
duct that  will  drain  from  the  line  at  one  point. 

(2)  By  using  different  pressure  settings  on  the  exhaust  pilot  valves, 
operating  personnel  will  be  able  to  determine  the  general  location  of  a line  failure 
under  static  conditions, 

(3)  The  flow  rote  indicator  can  be  used  to  locate  leaks  while  the  line 
is  operating  in  flowing  conditions, 

(4)  The  designed  system  should  be  satisfactory  for  military  use. 

This  system  can  play  an  Important  role  In  both  the  reduction  of  fuel  loss  due  to  pipe- 
line failure  or  deliberate  destruction  and  in  locating  leaks.  The  design  needs  to  be 
tested  to  determine  if  the  operational  characteristics  are  satisfactory, 

f.  Interface  Detection.  Most  pipeline  operations  will  involve  handling 
more  thun  one  type  of  riel.  Three  fuels  - motor  gasoline,  diesel  fuel,  and  turbine  fuel  - 
comprise  the  majority  of  Military  fuels  used  today.  Aviation  gasoline  Is  still  used  but 
22 

II.  N.  Johnston,  Potential  Mcthodifor  Reduction  of  Product  Loss  in  Military  Pt/iellnei,  Report  2034,  U.S.  Army 
Mublllty  i;<|ulpmont  Resuurch  end  Development  Center,  I'ort  Belvolr,  Vliginlu,  August  1972. 
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in  such  small  quantities  that  methods  of  shipment  other  titan  pipelines  are  more 
practical. 


The  process  o!  pumping  more  than  one  fuel  through  u single  pipeline 
is  known  us  “batching.”  In  some  cases  u rubber  bull  or  other  type  of  butch  separator 
is  inserted  Into  the  pipeline  to  segregate  batches  of  fuel  in  the  pipeline.  More  fre- 
quently, no  separator  is  used  und  the  commingling  of  the  two  products  at  the  interface 
between  batches  is  negligible.  The  most  Importunt  factor  in  preventing  excessive  com- 
mingling between  batches  is  “cutting"  the  pipeline  throughput  into  the  appropriate 
receiving  tank. 


The  pipeline  dispatcher  is  responsible  for  control  of  ail  injections  of 
product  into  the  pipeline.  By  knowing  the  time  of  injecting  a new  product,  the  flow 
rate,  and  pipe  size,  the  dispatcher  can  compute  the  approximate  time  the  interface  will 
puss  any  point  on  the  pipeline.  However,  variations  in  flow  rate  und  line  size,  although 
slight,  make  it  impossible  to  predict  the  time  the  interface  wilt  arrive  with  sufficient 
accuracy  for  the  receiving  terminal  to  cut  the  incoming  product  to  a different  tunk. 
Meters  cun  be  used  to  provide  un  indication  of  the  urrival  of  an  interface;  however, 
Inaccuracies  of  less  than  one  percent  allow  the  potential  for  excessive  commingling. 

To  solve  this  problem,  u butch  interface  detector  is  used  to  detect  the 
urrival  of  a product  interfuce.  These  Instruments  monitor  the  specific  gravity  of  the 
fuel  in  the  pipeline  with  sufficient  uccurucy  to  detect  the  chungc  when  un  Interface 
pusses  the  sensor.  Upon  sensing  an  abrupt  change  in  specific  gravity,  a signul  will 
uctuutc  both  uudible  und  visual  signals.  As  a safety  precaution  it  is  a good  idea  to  draw 
a fuel  sample  from  the  pipeline  periodically  and  confirm  the  fuel  type  by  color  and 
appearance.  This  visual  check  should  be  made  just  prior  to  the  expected  arrival  of  un 
interface  und  immediately  upon  receiving  un  interface  signul  from  the  batch  interface 
detector  to  Insure  the  interface  is  cut  at  the  proper  point  to  segregate  the  two  products 
in  the  proper  tanks, 

Batch  interface  detectors  conforming  to  Military  Specification  M1L-D- 
52840  (MK)  are  currently  being  procured.  These  units  are  satisfactory  for  all  Military 
pipeline  operations. 


IV.  DISCUSSION 

10.  Reliability  Assessment.  Dutu  available  relating  to  the  reliability  of  a com- 
plete pipeline  system  arc  virtually  nonexistent,  it  is  impossible  to  develop  any  stand- 
ard model  for  a detailed  reliability  assessment  since  every  pipeline  system  is  unique. 
However,  there  ure  some  interrelationships  between  certain  components  that  exist  in 
every  pipeline  system.  This  reliability  assessment  uses  those  interrelationships  to  cstab- 
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lish  the  effect  pump  stution  reliability  has  on  pipeline  system  reliability.  Knowing  the 
interdependence  between  pump  station  and  pipeline  system  reliability,  it  is  possible  to 
draw  some  conclusions  regarding  the  reliability  and  maintainability  characteristics 
required  for  individual  pump  units. 

a.  System  Model.  The  pipeline  system  reliability  model  is  illustrated 
schematically  in  Figure  38.  A marine  terminal  tank  delivers  fuel  through  a flood  pump 
station  to  the  first  of  three  pipeline  booster  pump  stations.  The  pipeline  from  the 
third  booster-pump  station  discharges  the  fuel  directly  into  tankage  at  a storage  termi- 
nal. Because  of  the  tremendous  number  of  factors  that  impact  on  the  performance 
of  u pipeline  system,  the  number  of  variables  can  eusily  become  unmanageable.  To  pre- 
clude this  condition,  the  following  assumptions  were  made. 


MARINE  TERMINAL 


( t ) The  storugc  capacity  and  receipt  cupubllity  of  the  marine  tcrminul 
Is  sufficient  to  muintuin  u continuous  supply  of  fuel  to  the  pipeline  so  that  empty 
tunks  at  the  murine  terminal  will  never  prevent  the  pipeline  from  operating  at  the 
desired  throughput  rutc. 

(2)  The  flood  pump  station  has  the  capability  of  continuous  delivery 
of  fuel  to  the  number  I booster  stution  at  the  required  suction  pressure  so  that  the 
pipeline  will  never  be  prevented  from  operating  because  of  insufficient  suction  pressure, 

(3)  For  any  given  simulation,  all  booster  pumps  will  be  identical, 
having  the  same  performance  characteristics.  The  relationship  between  pump  stution 
discharge  pressure  and  flow  rate  shall  be  as  shown  in  Figure  39.  This  curve  represents 
typical  pump  performance  for  u double-suction  centrifugal  pump  liuvlng  a specific 
speed  (NJ  = 1800, 
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Figure  39.  Pump  station  performance  characteristics  for  pipeline  system  reliability  model. 


(4)  Each  pipeline  booster  pump  station  ntuy  include  one  or  more 
booster  pumps  operating  In  series.  However,  all  pump  stutions,  when  operating  at 
design  conditions,  shall  have  the  same  number  of  pumps  on-line  (operating). 

(5)  Standby  pumps  muy  be  used  ut  the  booster  pump  stations.  The 
performance  characteristics  of  the  standby  pumps  shull  be  the  sumo  as  all  other  booster 
pumps.  The  number  of  standby  pumps  at  booster  pump  station  1 need  not  be  the 
sumc  as  ut  stutions  2 and  3. 
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(6)  The  How  loss  characteristics  of  each  pipeline  segment  (i.e., 
between  station  I unit  2,  between  station  2 anil  3,  uiul  between  station  3 and  the 
storage  terminal)  shall  he  the  same. 

(7)  The  reliability  of  the  pipe  is  assumed  to  be  1 for  the  purposes  of 

this  analysis. 

(8)  All  simulations  shall  begin  with  the  storage  terminal  empty  and 
run  for  a period  of  90  days,  Each  "tank  empty"  event  at  the  storage  terminal, 
excluding  at  initiation  of  the  simulation,  ahull  constitute  a mission  failure, 

The  friction  heHd,  or  loss  of  head,  from  a fluid  flowing  in  a pipe  can  be 
calculated  using  the  Darcy-Weisbach  equation: 

u _ 0.031  fLQs 
H*  

where 

H,.  * head  loss  in  feet, 
f ■ dimensionless  friction  factor. 

L ■ length  of  pipe  in  feet. 

Q ■ rate  of  flow  In  gallons  per  minute, 
d ■ inside  diameter  of  pipe  in  inches. 

The  friction  fuctor  is  a function  of  the  roughness  of  the  inside  surface 
of  the  pipe  und  of  Reynold's  Number.  The  Reynold’s  Number  Is  a dimensionless  num- 
ber which  can  be  calculated  using  the  equation: 


where 

R 
0 
d 
y 

After  computing  the  Reynold's  Number,  the  friction  fuctor  is  read  from 
the  general  resistance  diagram  for  uniform  How  in  conduits  shown  in  Figure  40, 


3 Reynold's  Number, 

■ ruto  of  flow  in  gullons  per  minute. 

3 inside  diameter  of  pipe  in  Inches. 

■ Kinematic  viscosity  of  the  liquid  in  centistokes. 


1 

3 


<1 
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Figure  40.  General  rtslitance  diagram  Tor  uniform  flow  In  conduili. 
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For  11  given  pipeline  design,  the  vulues  for  L und  d in  the  Durey-Weisb.ieh 
equation  become  constants.  The  change  in  friction  fuctor,  f.  over  the  normal  range  of 
flow  rates  in  pipelines  is  small.  Thus,  we  can  assume  it  to  he  a constant  without  intro- 
ducing a large  error  in  calculated  values.  The  Durey-Weisbaeh  equation  then  becomes: 


Hr  - CQ» 

where: 

...  0031  fL 
di 

If  the  loss  of  head,  Hfl  and  rate  of  flow,  Q,  are  expressed  as  a percent 
of  their  magnitudes  ut  the  pipeline  design  point,  both  variables  wilt  have  a value  of  100 
percent  at  the  design  point.  Substituting  these  values  into  the  simplified  equutlon  and 
solving: 

H,  « CQJ 
100  ■ C (I00)J 
0 0.01 

Therefore: 

Hr  ■ 0.01  Q1 

when:  Hr  is  expressed  as  a percent  of  the  head  loss  at  the  design  rate  of  How. 

Q Is  expressed  as  a percent  of  the  design  rute  of  flow. 

This  equation  is  plotted  in  Figure  41  with  the  pump  performance 
characteristics  from  Figure  39.  Intersection  of  the  two  curves  at  100  percent  of  design 
rate  of  flow  and  design  wot  king  pressure  represents  the  design  point.  In  order  to 
evaluate  the  effects  of  changes  in  flow  loss  and  pump  performance  characteristics, 
these  two  curves  arc  used  as  the  booster  pump  station  design  characteristics  in 
analyzing  all  variation  of  the  reliability  model. 

It  wus  stipulated  in  the  definition  of  the  model,  paragraph  10a(6),  that 


the  flow  characteristics  of  each  pipeline  segment  shall  be  the  same.  Therefore,  the 
equation  Hf  « 0.01  Q1  represents  the  flow  loss  between  any  two  adjacent  pump  stations. 
By  definition  then,  the  flow  loss  through  any  two  adjacent  pipeline  segments,  from  sta- 
tion A to  C or  station  B to  D,  would  be  twice  the  flow  loss  through  a single  segment. 
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If  I!,,  represents  the  flow  loss  through  two  udjucent  pipeline  segments,  then: 

l!2|  = < 2 ) < ! I , > a (2)  (O.OIC?2 ) 

- U.02Q1 

Following  the  same  rationale,  the  flow  loss  through  all  three  segments  of  the  pipeline 
in  Figure  38,  will  be  equal  to  three  times  the  loss  through  one  pipeline  segment.  If 
Hj,.  is  the  loss  through  three  pipeline  segments,  then: 

HJf  ■ (3)  (Hf)  * (3)  (0.01  Q1 ) 

« 0.03Q* 

The  equations  for  Hf,  H2f  and  H3|.  ure  plotted  In  Figures  42  und  43  os 
curves  L, , Lj,  und  L j,  respectively.  In  Figure  42,  curve  D represents  the  pump  station 
performance  characteristics  from  Figure  39.  Since  tho  pump  stations  in  the  model  are 
In  series,  the  combined  discharge  head  from  two  pump  stutions  would  be  twice  that  for 
u single  stution.  Curve  M in  Figure  42  represents  working  pressure  vulues  that  are  twice 
the  working  pressure  vulues  of  curve  D Indicating  the  combined  discharge  head  from 
two  pump  stutions,  Using  curves  D and  H In  conjunction  with  the  pipeline  flow  loss 
curves  L, , L,,  und  Lj,  It  is  possible  to  determine  the  flow  characteristics  of  the 
reliability  model  pipeline  system  for  all  possible  operating  conditions  when  each 
booster  pump  stution  includes  only  one  pump  unit. 

Under  normal  operating  conditions  the  pump  unit  at  each  pump  sta- 
tion would  provide  the  pressure  to  overcome  the  pressure  loss  In  each  respective  pipe- 
line segment,  Thus,  the  design  point  at  the  Intersection  of  curves  13  und  L.  Indicates 
operation  ut  100  percent  of  design  rate  of  How  and  design  pressure.  Note  thut  curve 
H,  the  combined  head  for  two  pump  units,  intersects  curve  L3,  the  combined  loss 
through  two  pipeline  segments,  at  100  percent  of  the  design  rate  of  flow.  This  condi- 
tion is  vuliil  only  when  all  pumps  and  pipeline  segments  have  the  same  flow  characteris- 
tic us  specified  In  the  model  definition. 

The  normal  hydraulic  gradients  for  the  pipeline  system  reliability  model 
are  shown  in  Figure  44,  Those  gradients  correspond  to  the  intersections  of  curves  D 
und  L,  In  Figure  42.  With  omy  one  pump  ui  each  booster  stution,  u pump  failure  com- 
pletely eliminates  the  pumping  capability  ut  thut  station.  If  the  failure  occurs  ut 
stution  l.  the  entire  pipeline  Is  Inoperative  since  there  is  no  pressure  to  push  the  fuel 
through  the  pipeline  segment  from  station  I to  stution  2.  This  is  un  importunt  con- 
sideration in  determining  the  need  for  standby  or  backup  units. 
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Figure  44.  Hydraulic  gradients  for  reliability  model  pipeline  system. 


Failure  of  the  pump  at  booster  station  2 eliminates  the  pressure 
increase  at  that  point.  Booster  station  1 must  then  push  the  fuel  from  station  I to 
stution  3,  cuusing  the  hydraulic  gradient  in  Figure  44  to  shift  to  the  dotted  gradient 
line  between  station  t and  station  3.  To  maintain  adequate  suction  pressure,  booster 
station  3 must  reduce  its  pumping  rate  to  obtain  a hydraulic  gradient  having  the  same 
slope,  shown  as  a dotted  line  between  station  3 and  the  storage  terminal,  if  the  punip 
at  station  1 continues  to  operate  at  the  same  speed,  the  new  flow  rate  will  be  75  per- 
cent of  the  design  rate  of  flow,  Indicated  by  the  intersection  of  curves  I)  and  Lj  in 
Figure  42.  As  the  flow  conditions  move  from  curve  Lt  to  L*  on  curve  D,  the  pressure 
increases  from  100  to  113  percent  of  the  design  working  pressure.  If  the  pipeline  will 
not  withstand  this  increase  in  operating  pressure  It  will  be  necessary  to  reduce  the 
pump  speed  at  station  1 until  the  pump  performance  curve,  D.  intersects  the  curve  L2 
at  100  percent  of  the  design  working  pressure,  corresponding  to  71  percent  of  the 
design  rate  of  flow  This  study  assumes  the  pipeline  design  working  pressure  is  bused 
on  a sufety  factor  sumcient  to  allow  all  pumps  to  operate  at  the  increased  pressure 
resulting  from  operating  at  the  intersection  of  the  normal  performance  curve  with  flow 
loss  curves  L2  and  L s. 

The  preceeding  procedure  used  to  determine  the  throughput  rate  in  the 
event  of  a failure  at  pump  station  2 can  be  used  to  determine  the  flow  conditions  for 
any  possible  combination  of  pumps  operating.  Table  14  shows  the  intersections  of 
curves  in  Figure  42  corresponding  to  the  various  combinations  of  pumps  that  can  be 
operating  in  the  reliability  model  pipeline  system  when  each  pump  station  consists  of 
a single  pump. 
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Table  14.  Interaction  of  Flow  Loss  and  Pump  Performance  Curves 
for  Single-Pump  Booster  Stations 


Number  of  Booster  Pumps  Operational 
Station  1 * Station  2 Station  3 

Intersection  Figure  42 

1 

1 

1 

D-L, 

1 

- 

1 

d-l2 

1 

1 

- 

h-l3 

1 

- 

-• 

D-L* 

* The  system  Is  Inoperable  unless  the  pump  et  booster  station  1 Is  operational. 
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Curve  B,  Figure  42,  represents  the  pump  performance  characteristics 
when  two  pumps  in  series  are  used  at  each  station  to  obtain  the  design  rate  of  How  and 
working  pressure.  Curve  1)  is  a multiple  of  two  of  curve  B;  that  is,  for  any  rate  of  flow 
the  working  pressure  on  curve  L)  is  twice  that  on  curve  B.  Curve  F Is  a multiple  of 
three  of  curve  B reflecting  the  characteristics  of  three  pumps  In  series,  Curves  H and  J 
are  multiples  of  four  and  five,  respectively,  of  curve  B,  Using  two  pumps  per  station 
in  the  reliability  model  pipeline  system,  design  conditions  would  be  indicated  by  the 
intersection  of  curves  D and  Lj , in  Figure  42  and  the  normal  gradients  in  Figure  44. 
Failure  of  one  pump  at  booster  station  1 would  result  in  the  operating  conditions 
moving  down  curve  L|  in  Figure  42  to  the  Intersection  with  curve  B.  This  corresponds 
to  the  dotted  hydruufie  gradient  line  between  stations  1 and  2 in  Figure  44.  To  main- 
tain adequate  suction  pressure  at  stations  2 and  3 after  the  failure  occurs  at  station  I, 
the  pumping  rate  at  stations  2 and  3 must  be  reduced  to  yield  the  same  hydraulic 
gradients  for  their  respective  pipeline  segments.  This  can  be  accomplished  at  stations 
2 and  3 by  reducing  the  speed  of  all  pumps  or  shutting  down  one  pump  at  each  station. 

The  flow  rate  resulting  from  any  possible  combination  of  pumps 
operating  witli  two  pumps  at  each  station  can  be  determined  from  the  intersections  of 
curves  B,  D,  F,  H,  and  J with  curves  L| , La  and  L3  in  Figure  42.  The  maximum 
possible  flow  rate  for  any  situation  will  be  the  percent  of  design  rate  of  flow  cor- 
responding to  the  intersection  of  the  two  curves  farthest  to  the  right  that  will  yield 
hydraulic  gradients  having  the  same  slopes  for  all  sections  of  the  pipeline.  The  curve 
Intersections  indicating  the  rate  of  flow  for  all  possible  situations  with  two  pumps  at 
each  booster  station  are  listed  In  Table  1 5. 

Figure  43  contains  pump  performance  and  flow  loss  curves  for  the 
reliability  model  pipeline  system  when  three  pumps  in  series  are  used  at  each  station  to 
develop  the  design  working  pressure.  Table  1 6 lists  the  appropriate  curve  intersections 
for  the  flow  rates  under  all  potential  operational  conditions  with  three  pumps  per 
station.  Figure  42  includes  the  pump  performance  curves  for  determining  operating 
conditions  when  four  pumps  are  used  at  each  booster  station  to  develop  the  design 
working  pressure. 

b.  Elements  of  Analysis.  The  reliability  model  is  constructed  to  analyze 
the  interrelationships  between  the  following  parameters  and  project  their  affect  on  the 
mission  reliability  of  the  pipeline  system. 

(1)  Pump  Station  Configuration.  The  pump  station  configuration 
defines  the  number  of  pumps  operating  at  each  pump  station  when  the  pipeline  is 
operating  at  design  conditions.  In  addition,  the  number  of  reserve  or  standby  units  at 
each  pump  station  must  be  specified. 
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Table  IS.  Interaction  of  Flow  Loss  and  Pump  Performance  Curves  for 


Two-Pump  Booster  Stations 


Number  of  Booster  Pumps  Operational 

Stution  1 * Station  2 . Stution  3 

Intersection  Figure  42 

2 

2 

2 ' 

D-L, 

2 

2 

1 

J-Lj 

2 

- 

H-L3 

2 

1 

2 

f-l3 

2 

1 

1 

h-l3 

2 

1 

— 

F-Lj 

2 

- 

* 

D-Lj 

2 

1 

D-Lj 

2 

- 

- 

D-L  3 

1 

2 

2 

B-L, 

1 

2 

1 

B-L, 

1 

*> 

m 

- 

D-Lj 

i 

1 

2 

B-L, 

1 

1 

1 

B-L, 

1 

1 

- 

D-L  3 

1 

- 

2 

B-Lj 

1 

- 

1 

B-L, 

1 

- 

B-L, 

* Al  team  one  pump  mint  be  operutianul  ut  booster  station  1 for  the  ayatem  to  operuto. 


(2)  Mean  Time  Between  Failure  (MTBF),  For  each  simulation,  the 
MTBF  for  the  boostor  pumps  is  specified,  The  simulation  model  uses  the  specified 
MTBF  to  determine,  on  a random  basis,  the  time  pump  failures  occur  based  on  an 
exponential  distribution. 

(.3)  Mean  Time  to  Repair  (MTTR).  The  MTTR  for  the  pumps  Is  speci- 
fied for  euch  configuration  as  a triangular  distribution  with  the  minimum,  most  likely, 
and  maximum  repair  time  stated  In  hours.  The  MTTR  Includes  the  total  time  a pump 
unit  is  inoperative  due  to  a failure  and,  therefore,  includes  active  repair  time  and 
administrative  down  time.  Administrative  down  time  encompasses  the  time  required 
for  maintenance  personnel  to  travel*  to  the  pump  station  site  after  being  notified  of  a 
pump  failure  and  time  spent  waiting  to  receive  repair  parti,  at  well  as  any  other  down 
time  not  spent  actually  repairing  the  failure. 
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Table  16.  Interaction  of  Flow  Loss  and  Pump  Performance  Curves  for 
Three-Pump  Booster  Stations  (Cont'd) 


Number  of  Booster  Pumps  Operational 

Station  t * Station  2 Station  3 

Intersection  Figure  43 

1 2 

2 

A*L| 

1 2 

1 

A-L, 

1 2 

— 

A-L, 

1 1 

3 

A-L, 

1 1 

2 

A-L| 

i 1 

1 

A-L| 

1 1 

- 

B-L  j 

1 - 

3 

A-Lj 

1 - 

2 

A-Lj 

1 

1 

A-L} 

1 

- 

A-Lj 

* At  laiit  one  pump  muit  bs  operational  at  booitar  nation  1 lot  the  ayitem  to  be  operable, 


(4)  Consumption  Versus  Throughput  Ratio.  The  average  dally 
consumption  of  the  forces  being  supplied  by  the  pipeline  is  specified  as  a ratio  in  rela- 
tion to  the  daily  throughput  rute  of  the  pipeline  when  operating  at  design  conditions. 
For  exumplc,  if  a pipeline  is  designed  to  deliver  30,000  barrets  of  fuel  per  day  und  the 
average  dully  consumption  rate  is  27,000  barrels  of  fuel,  the  consumption  versus 
throughput  ratio  is  (27,000/30,000)  ■ 0.9.  Since  this  ratio  is  a dimensionless  number, 
the  analysis  remains  Independent  of  specific  flow  rates. 

(5)  Reserve  Storage.  The  total  capacity  of  the  fuel  storage  tanks  at 
the  storage  terminal,  Figure  38,  constitutes  the  reserve  storage.  For  each  simulation 
the  amount  of  reserve  storage  available  is  specified  as  a multiple  of  the  averuge  daily 
consumption  rate. 

(6)  Restart  Point,  The  pipeline  design  throughput  rate  is  always  in 
excess  of  the  average  daily  consumption.  Therefore,  burring  excessive  system  failures, 
the  storage  terminal  will  ultimately  be  filled  to  capucity.  The  model  shuts  the  pipe- 
line down  at  this  time.  The  pipeline  remains  in  a shutdown  condition  until  consump- 
tion reduces  the  fuel  on  hand  to  a predetermined  level,  At  this  "restart  point,"  the 
pipeline  resumes  delivery  of  fuel  from  the  murine  terminal  to  the  storugc  terminal. 
Thus,  the  restart  point  is  stated  us  u percentage  of  the  reserve  storage  capacity. 
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c.  Mission  Reliability.  The  mission  of  the  pipeline  is  to  maintain  a supply 
of  fuel  at  tile  storuge  terminal  udequutc  to  sutisfy  consumption  demunds.  Thus,  as 
stated  in  puragrupli  I0a(8),  a mission  failure  occurs  when  the  reserve  storage  tanks  are 
drawn  down  to  an  empty  condition,  This  event  may  result  from  either  of  two  condi- 
tions, The  most  critical  situation  would  result  from  u complete  failure  of  the  pipeline 
so  that  no  fuel  is  available  at  the  storage  terminal,  A less  severe  situation  occurs  when 
pump  failures  have  reduced  the  pipeline  throughput  rate  below  the  consumption  rate. 
Under  this  condition,  the  pipeline  would  be  continuing  to  deliver  some  fuel  but  at  a 
rate  insufficient  to  satisfy  total  demand.  In  either  case,  a tank-empty  event  is  con- 
sidered a mission  failure  since  both  instances  would  require  some  curtailment  of 
activities. 


d.  Simulation  Results.  Consider  first  simulation  results  based  on  the 
following  conditions. 

(1)  Pump  Station  Configuration.  One  pump  at  each  pump  station 
with  a standby  unit  at  station  1 . 

(2)  MTBF.  Simulations  to  be  run  for  MTBF  values  of  150,  300,  450, 

and  600  hours. 

(Ji  MTTR.  Triangular  distribution  huvlng  a minimum  value  of  9 
hours,  u most  likely  value  of  12  hours,  and  a maximum  value  of  18  hours. 

(4)  Consumption  Versus  Throughput  Ratio.  The  sverugc  daily  con- 
sumption is  0.9  times  the  pipeline  design  throughput  rute. 

(5)  Reserve  Storage.  The  total  available  storage  capacity  at  the 
storuge  terminal  is  equal  to  three  days  consumption. 

(6)  Restart  Point.  Pipeline  operation  is  resumed  when  the  total 
fuel  on  hand  is  drawn  down  to  90  percent  of  the  reserve  storage  capacity. 

The  conditions  listed  in  parugruphs  IOo(l)  through  (ft)  actually  repre- 
sent four  sets  of  operational  conditions  because  of  the  four  sepurate  MTBF  vuiues 
given  in  paragraph  I0a(2),  Since  the  MTBF  and  MTTR  values  for  each  pump  failure 
arc  selected  on  u random  basis,  the  actuul  system  reliability  value  determined  during 
one  simulation  run  will  be  u function  of  those  particular  values  selected  at  rundom  by 
the  computer  model  for  that  simulation  run.  Because  these  variations  In  M TBF  and 
MTTR  values  will  euuse  u significant  variation  in  the  system  reliability,  it  isnccessury 
to  run  a series  of  simulations  to  get  convergence  of  tite  results  toward  the  actual  system 
reliability  that  can  be  expected.  Kach  of  the  four  datu  points  plotted  to  develop  the 
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upper  curve  in  Figure  45  represent  un  uveruge  of  the  actual  values  obtained  from  50 
simulation  runs.  It  is  readily  apparent  from  this  curve,  that  increasing  pump  MTBF 
increases  mission  reliability  rapidly  up  to  about  200  hours,  The  increase  in  mission 
reliability  continues  until  the  pump  MTBF  reaches  approximately  500  hours  a.t  a 
mission  reliability  0,96,  Beyond  that  point  very  little  improvement  In  system  mission 
reliability  can  be  achieved  by  increasing  the  MTBF  for  pump  units,  The  center  curve 
in  Figure  45  represents  the  results  of  simulation  runs  using  the  conditions  stated  above, 
except  the  minimum,  most  likely,  and  maximum  MTTR  values  ure  increased  to  36, 48, 
und  72  hours,  respectively.  Similarly,  the  lower  curve  in  Figure  45  represents  results 
from  the  simulation  model  developed  using  the  same  operating  conditions  but  mini- 
mum, most  likely,  und  muximum  MTTR  values  of  72, 96,  and  144  hours,  respectively. 
From  Figure  45,  it  is  readily  apparent  that  MTTR  is  a significant  factor  in  determining 
mission  reliability  for  a pipeline  system. 

Continuing  the  reliability  unuiysis  process,  the  system  designed 
characteristics  stated  in  paragraphs  10a(i)  through  (6)  are  used  with  the  exception 
that  the  number  of  pumps  ut  each  pump  station  is  changed  to  include  two  pumps  at 
each  booster  station  with  a standby  unit  ut  pump  station  I.  Mission  reliability  results 
obtained  from  this  pipeline  configuration  are  plotted  in  Figure  46,  The  top  curve 
represents  the  mission  reliability  obtained  using  an  MTTR  distribution  having  mini- 
mum, most  likely,  und  maximum  values  of  9, 12,  and  18  hours,  respectively.  The  two 
lower  curves  represent  the  system  reliability  that  will  result  from  this  pipeline  con- 
figuration with  increases  in  the  MTTR  values.  A comparison  of  Figures  45  and  46  will 
show  that  for  low  MTBF  und  MTTR  vulues,  mission  reliability  for  a system  using  one 
pump  per  station  with  a standby  at  station  1 exceeds  mission  reliability  for  a similar 
system  using  two  pumps  per  station  with  a standby  unit  at  station  1.  Further  examina- 
tion of  the  two  figures  shows  that  the  mission  reliability  for  the  two-pump-per-station 
configuration  exceeds  the  singie-pump-per-statlon  configuration  for  all  conditions 
when  the  MTBF  is  greater  than  350  hours. 


The  effects  of  changes  in  pump  station  configurations  are  more  readily 
discernible  in  Figure  47,  The  three  curves  in  Figure  47  represent  mission  reliability 
values  obtained  using  the  system  configuration  identified  in  paragraphs  10a(l)  through 
(6)  with  changes  in  number  of  pumps  ut  each  stution.  The  top  two  curves  are  the  top 
curves  from  Figures  45  and  46  based  on  the  MTTR  values  of  9,  12,  and  18  hours.  The 
lower  curve  reflects  what  happens  when  the  standby  unit  is  eliminated  from  the  first 
pump  station  of  a system  having  only  one  pump  at  each  booster  station.  In  a pump 
station  of  this  configuration,  the  total  pipeline  system  is  rendered  inoperative  with  the 
failure  of  the  pump  unit  at  the  first  station. 
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Variations  in  the  pipeline  system  reliability  model  discussed  in  the  pre- 
vious paragraph  represent  only  u t'ow  of  the  muny  possible  variations  in  pipeline  system 
design  and  operating  conditions.  Thus,  a reliability  analysis  which  will  pinpoint  the 
most  desirable  pipeline  system  design  and  operating  conditions  becomes  a complex 
study  In  Itself.  The  results  presented  in  the  preceding  paragraphs  are  intended  to  pro- 
vide an  indication  that  the  preferred  pipeline  systom  design  will  include  at  least  two 
pumps  In  each  booster  station  with  a standby  unit  at  pump  station  1.  Becuusc  of  the 
complexity  of  the  pipeline  system  reliability  analysis,  the  complete  results  of  such  a 
study  are  not  included  herein,  The  reliability  analysis  work  is  continuing  at 
MERADCOM  und  the  results  will  be  published  later. 

As  noted  earlier,  data  relating  to  the  reliability  of  pipeline  systems  arc 
virtually  nonexistent.  The  primary  factor  contributing  to  the  reliability  of  the  pipeline 
system  is  considered  to  be  the  reliability  of  the  engines  used  to  drive  booster  pumps. 
Because  pipeline  pump  reliability  data  were  not  avaitable,  it  was  necessary  to  obtain 
reliability  dutu  on  engines  from  other  sources.  Figure  48  shows  the  relationship 
between  engine  horsepower  and  Mcun  Time  Between  Failure,  in  hours,  for  diesel  and 
gas  turbine  engines. 

The  MTBF  curve  for  diesel  engines  is  based  on  dotu  collected  during 
more  than  100,000  hours  of  reliability  testing  on  28  diesel  engine  generators  at 
MERADCOM,  The  engines  on  these  generator  sets  were  rated  from  36  to  340  brake 
horsepower.  The  test  records  were  analyzed  to  determine  which  failures  were  related 
specifically  to  the  engine.  The  curve  for  diesel  engines  in  Figure  48  shows  the  relation- 
ship between  horsepower  and  MTBF  reflected  by  these  datu.  Contrary  to  a commonly 
held  belief,  the  MTBF  for  diesel  engines  decreases  with  Increase  In  size. 

A comparative  analysis  of  gus-turblno  und  diesel  engines  conducted  by 
the  Nuval  Ship  Systems  Command”  Identifies  u correlation  between  the  reliability 
characteristics  for  the  two  type1:  of  engines.  Using  that  relationship  and  the  data  on 
diesel  engine  generators,  it  is  possible  to  develop  a relationship  between  horsepower 
and  MTBF  for  turbine  engines.  That  relationship  is  represented  by  the  turbine  engine 
curve  in  Figure  48. 

Cuinpurison  of  the  curves  In  Figure  48  with  Figures  45  and  46  shows 
the  reliability  of  the  existing  gas-turbine  engine  to  be  udequutc  to  meet  pipeline  pump 
requirements  throughout  tltc  horsepower  range  shown  providing  the  MTTR  cun  be  held 
to  low  averuge  values.  From  previous  unulysls  it  was  determined  that  the  brake  horse- 
power rutlng  of  diesel  engines  when  derated  for  altitude  and  temperature,  must  be 
limited  to  slightly  more  than  300  brake  horsepower.  On  this  basis  we  can  expect  the 

Oimparathv  Analysis  uf  Srltcled  (las  Turhliw  and  Diesel  Unglues.  Import  No,  I OHO,  Niival  Ship  Systems  Com- 
muml.  Wushlmitmi.  D.C.,  April  IV6V. 
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MTBI-  for  dicsel-ongine-driven  pumps  to  lx*  in  tlic  range  of  400  hours.  Again, 
examining  Figures  45  anil  40.  it  is  1‘ounii  that  dicsd-cnginc-drivcn  pumps  of  this  size 
will  meet  pipeline  system  reliability  requirements  provided  that  MTIR  is  again  held  to 
low  values.  The  duta  presented  in  Figures  45  and  46  indicate  clearly  that  achieving 
acceptable  pipeline  system  reliability , is  dependent  on  the  ability  to  repair  pump 
failures  in  u minimum  amount  of  time. 

Table  17  presents  maintenance  data  extracted  from  the  Nuvy  study  on 
diesel  und  turbine  engines.  Analysis  of  these  duta  shows  un  MTTR  of  12.2  hours  for 
gas-turbine  engines  und  9.0  hours  for  diesel  engines.  Precautions  must  be  exercised  in 
comparing  these  repuir  times  to  those  for  equipment  operating  In  remote  environ- 
ments. such  us  at  pipeline  booster  pumping  stations.  Two  factors  contribute  to  the 
fact  tliut  the  Nuvy  repair  time  will  probably  be  substantially  less  than  those  encountered 
by  the  Army  In  pipeline  systems  operations.  The  Navy  dutu  ure  bused  on  equipment 
mounted  on  ships  where  personnel,  facilities,  and  repuir  parts  are  available  immediately. 
Second,  because  the  Nuvy  personnel  live  with  this  equipment  over  extended  periods  of 
time  performing  dully  maintenance,  they  arc  inherently  more  fumiliur  with  the  main- 
tenance requirements, 


Table  17,  Comparison  of  Gas-Turbine  and  Diesel  Engine  Reliability  und 


Maintainability  Characteristics 


Characteristics 

Turbine  Engine 

Diesel  Engine 

Totul  Maintenance  Actions 

1071 

1224 

Total  Maintenance  Munliours 

8340 

4980 

Preventutivc  Maintenance  Actions 

395 

666 

Preventative  Maintenance  Munliours 

2008 

834 

Corrective  Maintenance  Actions 

382 

372 

Corrective  Maintenance  Manhours 

4670 

3389 

This  fuctor  focuses  on  a critical  issue  associated  with  a selection  of  pipe- 
line pump  engines.  If  pipeline  pump  failures. cannot  be  repuired  und  the  pumps 
returned  to  service  in  a few  hours,  the  system  reliability  will  not  be  acceptable.  At 
best,  the  datu  in  Tuble  17  urc  Indicative  of  the  minimum  active  maintenance  hours 
which  cun  be  expected  to  be  required  to  support  gas-turbine  and  diesel  engines.  The 
fuet  that  the  MTTR  for  diesel  engines  Is  less  than  for  gas  turbines  tends  to  favor  diesel 
engines  for  pipeline  pump  upplicutions.  However,  it  is  anticipated  that  in  the  environ- 
ment where  pipeline  pumps  will  be  operating,  administrative  downtime  will  probubly 
exceed  active  maintenance  time  To  minimize  the  logistical  support  requirements 
for  pipeline  booster  pumps,  it  is  desiruble  to  select  pipeline  pump  engines  tliut  are  used 
in  other  high-density  items  of  Military  equipment.  Since  pipeline  pumps  are  typically 
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low-density  items,  the  logistical  support  is  often  difficult.  Selection  of  high-density 
engines  from  other  applications  will  provide  a logistical  su,  port  system  that  Is  well 
established.  Approach  to  design  of  pipeline  pumps  can  go  far  in  minimizing  the 
integrated  logistical  support  requirement  for  pipeline  systems. 

1 1 . Technological  Risk.  The  pipeline  industry  has  established  a broud  techno- 
logical base  through  many  years  of  proven  experience.  The  high  initial  Investment 
costs  for  pipeline  construction  and  the  continuing  high  cost  of  pipeline  operation  and 
maintenance  provide  a constant  incentive  for  advances  in  technology  which  will 
improve  the  cost  effectiveness  of  pipeline  operations.  Because  the  initial  investment 
costs  arc  high  there  are  high  economic  risks  associated  with  the  introduction  of  any 
new  technology  that  may  affect  the  serviceability  of  the  pipeline  system  being  installed, 
For  this  reason,  advances  in  pipeline  technology  tend  to  be  highly  developed  and 
proven  by  a number  of  trial  cases  before  gaining  wide  acceptance  by  the  pipeline 
industry. 


The  reader  should  not  construe  the  foregoing  comments  to  Indicate  a lack  of 
emphasis  on  technological  progress  within  the  pipeline  industry.  To  the  contrary, 
extensive  research  and  development  programs  covering  muny  different  facets  of  pipe- 
lining are  conducted  and/or  sponsored  by  individual  companies  and  trade  associations. 
Because  of  these  programs,  a continual  evolution  of  pipeline  technology  can  be 
expected.  Because  of  the  nature  of  the  pipeline  industry,  however,  the  prospects  for 
radical  advances  in  pipeline  technology  which  would  render  existing  technology 
obsolete  In  the  near  term  are  highly  Improbable.  On  this  basis,  a Military  pipeline  sys- 
tem developed  using  current  und  emerging  technology  available  from  the  private  sector 
Is  not  subject  to  becoming  obsolete  within  the  foreseeable  future. 

Viewed  strictly  from  the  standpoint  of  available  technology,  the  technologi- 
cal risks  associated  with  Military  pipeline  construction  appear  extremely  low,  How- 
ever, factors  which  huve  little,  if  any,  influence  in  the  private  sector  become  important 
considerations  in  Military  pipeline  construction.  The  need  for  construction  of  u new 
commercial  pipeline  can  be  anticipated  well  in  advance  of  the  time  the  facility  must  be 
operational.  Extensive  planning  and  economic  analysis  precede  the  actual  design  and 
construction.  Every  pipeline  is  unique,  designed  to  satisfy  a well-defined  set  of  opera- 
tional requirements,  No  attempt  is  made  to  standardize  on  one  design  to  satisfy  a 
variety  of  requirements.  Economic  factors  are  the  driving  forces  influencing  the  selec- 
tion of  pipe  materials,  pumping  equipment,  operating  pressures,  methods  of  construc- 
tion, etc.  There  is  little  incentive  for  rapid  rates  of  construction  unless  a cost 
udvuntage  can  be  reulized.  The  necessary  personnel  and  skills  are  available  within  the 
civilian  lubor  force. 
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The  need  Cor  rapid  construction  rates,  to  minimize  manpower  aiv'  skill 
requirements,  to  use  u eommon  design  to  satisfy  ail  potential  operational  requirements, 
ajul  to  react  quickly  to  needs  ut  any  location  In  the  world  restricts  the  direct  applica- 
tion of  commercial  pipeline  technology  to  Military  pipeline  construction.  Inability  of 
existing  pipe-joining  techniques  to  provide  the  desired  rates  of  construction  and 
problems  reluting  to  extreme  environmental  conditions  appear  as  the  greatest  harriers 
to  be  overcome  in  developing  u pipeline  system  which  is  totally  responsive  to  Military 
operational  requirements.  Technology  emerging  from  Industrial  development  programs 
cannot  be  expected  to  provide  solutions  to  these  problems.  Thus,  if  these  problems 
are  to  be  solved,  it  will'  be  incumbent  upon  the  Army  to  carry  out  the  necessary 
research  and  development. 

The  survey  of  the  pipeline  industry  conducted  by  Value  Engineering  Com- 
pany for  MHRADCOM  did  not  identify  a pipeline  installation  technique  which  would 
allow  one  construction  crew  to  luy  30  kilometers  of  pipeline  per  day.  However,  ut 
least  iwo  of  the  pipe-joining  techniques  evaluated  are  amenable  to  automation  such 
that  a properly  designed  pipe-laying  machine  could  possibly  achieve  the  desired  pipe- 
laying  rate.  Foreign  intelligence  reports  indicate  the  Soviet  military  forces  currently 
have  such  u muchine.  Bused  solely  on  a technical  assessment,  developing  such  a 
machine  presents  limited  risks,  The  question  remaining  to  be  resolved  is  whether  the 
need  for  rapid  rules  of  pipeline  construction  and  to  minimize  manpower  requirements 
is  sufficient  to  justify  the  cost. 

Construction  of  the  trans-Alasku  pipeline  hus  demonstrated  that  the  prob- 
lems inherent  to  pipeline  construction  in  extreme  environments  cun  be  overcome. 
However,  the  Alycska  brute-force  solution  of  employing  a massive  amount  of  person- 
nel and  equipment  ut  a tremendous  cost  is  not  an  acceptable  approach  for  Military 
pipeline  construction,  The  exorbitant  costs  cannot  be  justified  to  support  a conflict  of 
probable  short  duration.  More  Important,  personnel  and  equipment  in  the  numbers 
needed  could  not  be  amassed  in  the  available  response  time. 

The  trans-AIuska  pipeline  project  is  an  extremely  ambitious  undertaking  far 
outstripping  any  Militury  pipeline  construction  requirement  that  can  be  envisioned, 
A realistic  look  at  the  problems  associated  with  pipeline  construction  under  extreme 
cold  conditions  indicutes  the  inherent  problems  are  amplified  as  the  size  of  the  con- 
struction effort  grows.  Thus,  a smaller  military  pipeline  construction  effort  should 
require  less  complex  solutions  than  those  employed  by  the  Alyeska  Pipe  Line  Co.  At 
the  same  time,  some  problems,  such  as  protection  of  personnel  and  equipment  from 
the  extremes  of  the  environment,  will  not  change  and  many  of  the  same  solutions  cun 
be  uppliod.  In  terms  of  the  ability  to  meet  future  Military  requirements,  the  primary 
significance  of  the  current  trans-Alaskan  pipeline  construction  effort  is  not  how  the 
tusk  is  being  accomplished,  but  thut,  given  sufficient  resources,  the  hostile  arctic 
environment  can  be  circumvented. 
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Solutions  to  existing  Military  pipeline  cofistruetion  requirements  ure 
achievable  through  the  application  and  adaptation  of  currently  available  technology. 
Requirements  peculiar  to  the  Military  mode  of  operation  dp  not  present  any  impene- 
trable technical  barriers.  Development  of  a pipeline  system  providing  greater  cost  and 
operational  effectiveness  that!  the  existing  Military  standard,  lightweight  steel,  coupled 
pipelines  appears  to  be  poisible  with  virtually  no  risk.  The  capability  to  install  pipe- 
lines at  rates  up  to  30  kilometers  per  day  is  also  attainable  and  presents  few  technologi- 
cal problems.  The  number  of  lay  crews  required  to  achieve  this  rate  of  construction 
will  be  affected  by  the  construction  technique  selected.  Satisfying  the  extreme 
environmental  requirements  will  be  more  difficult  and  involves  a significant  level  of 
risk. 

The  crucial  element  in  the  development  of  an  Improved  Military  pipeline 
system  appeurs  to  be  identification  .of  the  appropriate  pipe  materia)  and  the  proper 
pipe-joining  technique.  Once  these  vital  issues  have  been  resolved,  development  of  the 
proposed  pipeline  system  can  proceed  to  a successful  conclusion  with  only  minor 
technical  problems  to  be  resolved,  it  is  anticipated  that  development  of  the  special 
support  equipment  necessary  to  achieve  the  rapid  installation  rate  will  require  a more 
comprehensive  development  program  than  the  pipeline  system  itself  and,  consequently, 
a longer  development  period.  Tills  should  not  be  cause  for  delaying  the  development 
of  the  pipeline  system  using  an  interim,  less  rapid,  means  of  installation  if  there  is  an 
immediate  need  for  an  improved  pipeline  system. 

Sutlsiying  the  requirements  for  pipeline  construction  under  extreme  environ- 
ments will  be  the  most  costly,  roquirl  ig  the  greatest  amount  of  effort  and  time  and 
presenting  tile  greatest  risk.  As  with  the  rapjd-luylng  cupubiiity.  this  effort  can  also  lag 
the  pipeline  development  effort  if  appropriate  consideration  is  given  to  environmental 
requirements  during  the  pipeline  system  development  effort.  In  establishing  develop- 
ment requirements,  it  must  be  clearly  understood  that  extreme  cllmailc  conditions  are 
going  to  result  in  reduced  performance  characteristics  and  impose  greater  personnel 
and  support  equipment  requirements.  Failure  to  recognize  these  critical  issues  may 
preclude  achieving  the  established  goals.  Attempting  to  sutlsfy  operational  require- 
ments in  excess  of  the  absolute  minimum  acceptable  performance  levels  will  unneces- 
sarily increuse  development  time  and  costs. 

12,  Synthesis  of  Candidate  Systems.  The  general  mission  requirements  defined 
in  paragraph  5 for  Scenarios  I and  11  are  used  as  the  basis  for  comparing  alternative 
pipeline  system  concepts.  Outlined  in  the  following  paragraphs  are  basic  system  design 
characteristics  for  each  alternative  system  concept  and  scenario,  in  addition,  similar 
datu  are  presented  for  an  8-inch-diamcter  pipeline  constructed  using  Military  standurd. 
lightweight  steel,  coupled  pipe. 
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Alternatives  I through  IV  are  8-inch-dianieter  pipelines  using  the  four  pipe 
concepts  selected  by  Value  Engineering  Company  for  detailed  analysis  during  their 
investigation  of  pipe  materials  und  joining  techniques.  Alternative  V employs  the  same 
basic  concept  as  Alternative  ill  except  u thicker  wall  pipe  is  used  to  allow  a higher 
working  pressure.  Alternative  Vi  is  a variation  of  Alternative  IV  considering  thinner 
wall  pipe  to  reduce  the  level  of  effort  required  for  system  Installation. 

Alternatives  VII  and  VIII  are  6-inch-diameter  pipelines  using  the  same  basic 
system  concepts  as  Alternatives  III  and  'IV,  respectively.  The  fuel  delivery  require- 
ments for  both  scenarios  will  require  parallel  6*inch  pipelines.  However,  because  of  the 
low  initial  consumption  rate  in  Scenario  1,  a single  6-inch  pipeline  can  satisfy  delivery 
requirements  through  the  first  19  days.  Thus,  the  level  of  construction  effort  required 
to  estubiish  an  initial  operational  capability  is  significantly  reduced. 

Because  of  the  emphasis  placed  on  rapid  pipeline  construction  by  the 
combat  developer,  the  feasibility  of  automatic  or  semiautomatic  mechanized  pipe- 
laying techniques  is  considered.  Two  of  the  joining  techniques  being  considered  are 
amenable  to  mechanical  assembly  by  automatic  equipment.  These  include  the  RACE- 
B1LT  couplings  included  in  Alternatives  Hi,  V,  and  VII  and  the  ZAP-LOK  Joining  tech- 
nique employed  by  Alternatives  IV,  VI,  and  Vlll.  References  herein  to  Alternatives 
HI,  IV,  V,  und  VI  when  a mechanized  assembly  process  is  used  will  be  as  Alternatives 
Ill-A,  IV-A,  V-A,  und  Vl-A.  respectively. 

Military  pipeline  design  criteria  states  that  the  throughput  of  different  types 
of  fuels  to  be  pumped  must  be  considered,  and  the  heaviest  fuel  making  up  24  percent 
or  more  of  the  total  throughput  Is  to  be  taken  as  the  design  fuel.”  Diesel  fuel  is  the 
heaviest  of  ail  fuels  likely  to  be  pumped  through  a Military  pipeline.  The  evaluation 
criteria  established  in  paragraph  5 heroin  states  diesel  fuel  represents  30  percent  of  the 
total  throughput.  Therefore,  all  pipeline  design  calculations  ure  based  on  diesel  fuel  at 
60°F  liuvlng  u 0.8448  specific  gravity”  und  u kinematic  viscosity  of  3.85  centlstokes.” 

The  maximum  daily  throughput  requirements  for  Scenario  1 is  27,620 
barrels  per  day.  Jsing  a design  rate  of  flow  of  950  gat/min  will  allow  delivery  of  the 
maximum  required  dully  throughput  in  approximately  20  hours  of  operation.  This 
flow  rate  is  within  the  How  range  normully  considered  efficient  for  8-ineh-diumetor 
pipelines. 

Tiie  throughput  rate  for  Scenario  II  is  specified  as  35,000  burrels  in  23 
hours.  This  equates  to  a design  rate  of  flow  of  1 ,065  gal/min, 

Dcpurtmunt  or  ilic  Army  Technical  Munuul,  Military  Petroleum  Plpcttne  Svttemt,  I'M  5-343 . l-cbruatv  l%9, 
I*.  6-1. 

25  thiil.  p.  6-2. 

2*  ihhl,  p.  C -4, 
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A summary  > < me  design  calculations  used  to  determine  the  system 
characteristics  for  each  alternative  is  contained  in  Appendix  I*.  The  principle  design 
features  for  each  Alternative  arc  tubulated  below: 

a.  Alternative  I. 

Pipe  - Fiberglass-reinforced  epoxy  resin  manufactured  by  Clba-Geigy 
Corporation  with  PRON  fO-LOCK,  threaded!  mechanical  couplings  bonded  on  pipe 
ends.  (Refer  to  Figure  28), 

Nominal  Outside  Diameter  (in.)  g.5/g 

Nominal  Inside  Diameter  (in.)  g_3 

Nominal  Wall  Thickness  (in.)  0.15 

Maximum  Safe  Working  Pressure  (lb/in* ) 1 so 

(feet  of  diesel  fuel)  (From  manufacturer’s  literature)  410 


Scenario  1 

Scenario  11 

Design  Working  Pressure  (Ib/ln* ) 

147 

147 

(feet  of  diesel  fuel) 

402 

401 

Number  of  Booster  Pump  Stutions 

25 

24 

Power  Required  at  Each  Booster  Station  (bhp) 

105 

117  * 

Number  of  Pressure  Regulation  Stations 

6 

N/A 

b.  Alternative  II. 

Pipe  - Aluminum,  606I-T6  Alloy,  Schedule  40  with  grooved-end 
mechanical  couplings  and  gaskets.  (Refer  to  Figure  29.) 


Outside  Diameter  (In.) 

Inside  Diameter  (in.) 

Wall  Thickness  (in.) 

Maximum  Safe  Working  Pressure  (lb/in* ) 
(feet  of  diesel  fuel) 


8,625 

7.981 

0.322 

800 

2,187 


Design  Working  Pressure  (lb/in* ) 

(feet  of  diesel  fuel) 

Number  of  Booster  Pump 

Power  Required  at  Fecit  Booster  (blip) 

Number  of  Pressure  Regulation  Stations 


Scenario  i 

800 

2,187 

4 

631 

I 


Scenario  H 
76) 
2,081 

5 

675 

N/A 
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c.  Alternative  III. 

Pipe  Aluminum.  6063-T6  Alloy,  Schedule  10  with  RACHB1LT 
Industrial  couplings  manufactured  hy  Race  and  Race.  Inc.  (Refer  to  Figure  30.) 


Outside*  Diameter  (in.)  8,625 

Inside  Diameter  (in.)  8,329 

Wall  Thickness  (in.)  : , 0.148 

Maximum  Safe  Working  Pressure  (lb/inJ ) 350 

(feet  of  diesel  fuel)  (as  recommended  by  coupling  manufacturer)  957 


Scenario  1 

Scenario  11 

Design  Working  Pressure  (lb/inJ ) 

342 

341 

(feet  of  diesel  fuel) 

935.5 

934 

Number  of  Booster  Pump  Stations 

9 

10 

Power  Required  ut  Bach  Booster  Statioii  (blip) 

264 

294 

Number  of  Pressure  Regulation  Stations  ' 

3 . 

N/A 

d.  Alternative  IV. 

Pipe  - Aluminum,  606 1-T6  Alloy,  Schuduie  40  with  swaged  bell-end 

spigot  joints  formed  by  the  ZAP-LOK  process.  (Refer  to  Figure  31.) 

Outside  Diameter  (In.) 

1 

8.625 

Inside  Diameter  (In.) 

7.981 

Wall  Thickness  (In.) 

0.322 

Maximum  Safe  Working  Pressure  (lb/lna ) 

1.000 

(feet  of  diesel  fuel) 

2.734 

Scenario  I 

Scenario  II 

Design  Working  Pressure,  (lb/lrta ) 

807 

946.5 

(feet  of  diesel  fuel) 

2,207.5 

2.588 

Number  of  Booster  Pump  Stations 

4 

4 

Power  Required  at  huch  Booster  Station  (blip) 

611 

840 

Number  of  Pressure  Regulation  Stations 

None 

N/A 

e.  Alternative  V, 

IV  Aluminum.  60h3-Tfi  Alloy  with  UACI  BILT  InUusiriuJ  couplings 
inunutueturud  t>y  Race  and  Race,  Inc,  ^ 


Outside  Diameter  (in.) 
inside  Diameter  (In,) 

Wuil  Thickness  (in.) 

Maximum  Safe  Working  Pressure  (lb/in1) 
(feet  of  diesel  fuel) 


Scenario  I awsnariu  u 

Design  Working  Pressure  (ib/ln1 ) 

(feet  of  diesel  fuel)  , 269  ,237 

Number  of  Booster  Pump  Stations  7 ’ g 

Power  Required  at  Each  Booster  Stutlon  (bhp)  362  3Q3 

Number  of  Pressure  Regulation  Stations  I N/,A 

f.  Alternative  VI. 

, # . , , , Plpe,  ; Afumlnum,  6061-T6  Alloy,  Schedule  10  with  swaged  boil-and- 
spigot  joints  formed  by  the  ZAP-LOK  process. 

Outside  Diameter  (In.)  H 

Inside  Diameter  (in.)  I1:;: 

Wall  Thickness  (In.)  ?*“? 

Maximum  Safe  Working  Pressure  (lb/ina ) « , 

(feet  of  diesel  fuel)  . ' 


8.625 

8,225 

0.200 

482 

1,318 

Scenario  II 


Design  Working  Pressure  (Ib/ln1) 

(feet  of  diesel  fuel) 

Number  of  Booster  Pump  Stations 

Power  Required  at  Each  Booster  Station  (bhp) 

Number  of  Pressure  Regulation  Stations 


Scenario  1 

661 

1,807 


Scenario  11 

659 

1,803 

5 
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g.  Alternative  VII. 

Pipe  - Aluminum,  6063-T6  Alloy.  6-lneh,  Schedule  10  with  RACliBILT 
Industrial  couplings  manufactured  hy  Race  and  Race,  Inc. 


Outside  Diameter  (in.) 

6.625 

Inside  Diameter  (in,) 

6,36) 

Wull  Thickness  (In.) 

0.134 

Maximum  Sale  Working  Pressure  (Ib/in1 ) 

410 

(feet  of  diesel  fuel) 

1,121 

Scenario  1 

Scenario  II 

Design  Working  Pressure  (lb/lnJ ) 

396 

376 

(feet  of  diesel  fuel) 

1,083 

1,028 

Number  of  Booster  Pump  Stations 

8 

10 

Power  Required  ut  Each  Booster  Stution  (bhp) 

121 

133 

Number  of  Pressure  Regulation  Stations 

2 

N/A 

It.  Alternative  VIU. 

Pipe  - Aluminum,  606I-T6  Alloy,  6>lnch,  Schedule 

10  with  swaged 

bell-und-spigot  Joints  formed  by  the  ZAP-LOK  process. 

Outside  Diameter  (in.) 

6.625 

Inside  Diameter  (in.) 

6.361 

Wall  Thickness  (in,) 

0.134 

Muximum  Sufo  Working  Pressure  (!b/inJ ) 

780 

(feet  of  diesel  fuel) 

2,123 

Scenario  I 

Scenario  11 

Design  Working  Pressure  (lb/iii  ) 

678 

732 

(feet  of  diesel  fuel) 

1,855 

2,001 

Number  of  Booster  Pump  Stations 

4 

5 

Power  Required  ut  Each  Booster  Stution 

278 

337 

Number  of  Pressure  Regulation  Stations 

1 

N/A 

I ' 

s I 


-Ai. 


i.  Military  Standard  Pipeline  System. 

Pipe  Lightweight  Steel  Tubing.  8-Inch  with  grooved  pipe  nipples 
welded  on  ends  in  accordance  with  M1L-T-425  tor  grooved-end  mechanical  couplings 
and  gaskets. 


Outside  Diameter  (in.)  8.625 

Inside  Diameter  (in.)  8.415 

Wall  Thickness  (in.)  0.1046 

Maximum  Safe  Operating  Pressure  (Ib/in* ) 500 

(feet  of  diesel  fuel)  1 ,367 


Scenario  I 

Scenario  i 

Design  Working  Pressure  (Ib/in1) 

436 

483 

(feet  of  diesel  fuel) 

1,192 

1,321 

Number  of  Booster  Pump  Stutlons 

7 

7 

Power  Required  ut  Euch  Booster  Station  (blip) 

340 

423 

Number  of  Pressure  Regulation  Stations 

l 

N/A 

13.  Cost  Effectiveness  Analysis.  This  analysis  reviews  the  major  cost  elements 
associated  with  the  construction,  operation,  and  maintenance  of  each  of  the  candidate 
pipeline  systems.  Specific  costs  contributing  directly  to  the  total  cost  of  satisfying  the 
onerutlonul  requirement  of  the  applicable  scenarios  ure  estimated,  based  on  the  pipe- 
line system  design  characteristics  listed  in  paragraph  12,  Providing  an  indication  of  the 
relutive  cost  of  the  alternative  pipeline  systems,  these  cost  data  urc  used  to  assist  in 
identifying  the  candidate  system  best  suited  to  Military  pipeline  requirements.  A 
formal  TRADOC/DARC'OM  Cost  and  Operational  Effectiveness  Analysis  (COEA)will 
be  required  to  establish  the  total  life-cycle  cost  for  any  eundldate  system  selected  for 
continued  development. 

u.  Basis  for  Comparison,  For  each  alternative  pipeline  system,  the  follow- 
ing costs  are  Identified  in  constant  FV?6  dollars, 

(I)  Procurement  Costs.  The  procurement  costs  listed  represent  the 
projected  costs  of  purchasing  the  pipe,  vulves,  munifold  components,  pressure  regula- 
tion stations,  und  pumping  equipment  necessary  for  construction  of  100  miles  of  pipe- 
line. The  costs  ure  estimates  based  on  the  general  cost  relationships  presented  in  Sec- 
tion III  rather  than  u detailed  cost  estimate  for  specific  Items  of  materiel.  For 
example,  the  costs  of  all  pumping  units  were  determined  us  a function  of  computed 
deruted  brake  horsepower  using  the  cost  versus  horsepower  relationships  shown  in 
Figure  12,  These  cost  datu  ure  indicative  only  of  mujor  end-item  manufacturing  costs. 
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No  attempt  has  been  made  to  include  rcscurch  and  development,  investment  non- 
recurring, or  initial  provisioning  and  training  costs. 

(2)  Transportation  Costs,  The  transportation  cost  tor  each  candi- 
date system  includes  the  estimated  cost  of  delivery  from  the  manufacturer  to  the  user 
In  an  overseas  theuter-of-operations  for  euch  major  component  included  In  the  pipe- 
line system.  These  costs  are  based  on  the  factors  for  second  destination  to  overseas 
users  contained  In  the  "Cost  Estimating  Guidance  for  Transportation  Cost,"  included 
herein  as  Appendix  D.  These  data  do  not  include  the  cost  of  delivering  the  required 
construction  equipment  to  the  theater-of-operations.  It  is  assumed  the  construction 
equipment  will  be  available  to  support  a variety  of  construction  projects  in  addition  to 
installing  pipelines. 

(3)  Construction  Costs.  This  category  includes  the  cost  of  the  person- 
nel und  equipment  involved  directly  in  the  installation  of  the  pipe,  pump  stations,  and 
pressure  regulation  stations.  Excluded  are  the  costs  of  clearing  and  grading,  grade  and 
river  crossings,  and  other  special  construction  requirements  which  urc  primarily 
dependent  on  the  terruln  traversed  rather  than  the  method  of  pipeline  construction. 
In  each  case,  where  a trade-off  of  additional  equipment  for  fewer  personnel  could  be 
mude,  the  option  of  fewest  personnel  was  selected  unless  such  a choice  would  add 
Inordinate  costs  or  equipment  requirements.  The  total  resources  applied  represent  the 
minimum  capuble  of  achieving  a construction  rate  of  30  kilometers  per  day, 

For  the  purposes  of  computing  personnel  costs,  an  average 
military  pay  grade  of  li-5  is  ussumed.  From  CMDRAMC  message,  AMCCP-FA,  dated 
10  December  1 *375.  listing  composite  standard  rates  for  use  in  computing  the  cost  of 
Militury  personnel  services  (Army),  the  rate  for  pay  grude  H-5  is  $4.63  per  hour,  The 
estimates  of  manhours  expended  include  all  personnel,  including  equipment  operators, 
directly  involved  in  the  installation  of  the  pipeline,  pumps,  und  pressure  regulation 
stutlons.  The  ussocluted  cost  of  administrative  und  support  personnel  are  not  included. 

The  construction  equipment  costs  are  computed  using  the  daily 
ownership  und  hourly  operating  and  overhuul  costs  from  the  COST  REFERENCE. 
GUIDE  FOR  CONSTRUCTION  EQUIPMENT,  compiled  by  Nutlonul  Research  and 
Approval  Company  und  published  by  Equipment  Guide-Book  Company,  1975  copy- 
right. Where  dutu  for  the  specific  items  of  equipment  required  were  not  available,  cost 
dutn  for  items  of  equipment  considered  to  be  comparable  in  cost  of  ownership  and 
operation  were  adapted.  These  cost  data  account  for  depreciation,  fuel,  lubricants, 
tires,  parts,  und  overhaul  und  repuir  labor. 

(4)  Operating  Costs.  Included  in  the  operating  costs  are  personnel, 
fuel,  und  lube  oil.  Operating  manhours  ure  bused  on  a crow  consisting  of  four  opera- 
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tors  and  a crew  chief  operating  cuch  pump  station  and  performing  organizational  main* 
tcnuncc.  This  allows  continuous  operation  having  at  leust  two  operators  on  duty  at  all 
times  without  anyone  being  required  to  work  more  than  10  hours  per  day.  As  with 
construction  labor  costs,  the  operating  costs  include  only  those  manhours  directly 
involved  with  the  operation  of  the  pipeline. 

(5)  Maintenance  Costs,  included  in  the  total  maintenance  costs  are 
labor,  repair  parts,  materials,  and  supplies  required  for  performance  of  both  scheduled 
and  unscheduled  maintenance.  For  Scenario  11,  the  totul  number  of  operating  hours 
represents  suvurul  overhaul  periods  for  the  pumping  units  and,  in  some  cases,  exceeds 
the  expected  service  life  of  the  pump  engines.  In  all  cases,  pump  unit  overhaul  costs 
huve  been  Included  together  with  the  associated  cost  of  transportation  round  trip  to  u 
CONUS  overhaul  facility.  Where  appropriate,  replacement  pump  costs,  containing 
overseas  transportation  costs,  huve  been  included  in  the  cost  of  maintenance. 

b.  Cost  Analysis.  A summary  of  the  Scenario  I and  11  costs  computed  for 
Military  standard  coupled  lightweight  steel  pipelines  is  contained  in  Table  18.  These 
estimuted  costs  for  procurement,  transportation,  construction,  operation,  and  main- 
tenance urc  bused  on  the  system  design  characteristics  described  in  paragraph  1 1 with 
one  dicscl-cnginc-drJvun  pump  at  each  booster  station. 


Table  18.  Summary  of  Costs  for  Military  Standard  Pipeline  Systems 


Parameters 

Cost  (thousands  of  dollurs) 

» 

Scenario  1 

Scenario  II 

Procurement 

$3,653 

$ 3.639 

Transportation 

634 

633 

Construction 

366 

365 

Operation 

562 

10,420 

Maintenance 

268 

3.755 

Totul 

$5,483 

$18,812 

The  estimated  costs  for  the  alternative  pipeline  systems  described  in 
paragraph  II  are  tubulated  in  Tables  18  through  30,  The  difference  in  cost  resulting 
from  use  of  dkscl-cnginc-d riven  pumps  und  gus-turbine*enginc-d  riven  pumps  is  shown 
for  eueh  proposed  alternative  8*lneh*diumeter  pipeline  system  concept.  Turbine 
engines  were  not  evaluated  for  the  6-lnch-dlumctcr  pipeline  concepts  because  coni* 
incrciu!  turbine  engines  with  the  required  power  rutings  are  not  readily  uvuliuble. 


Table  ll>.  Summary  of  Costs; 

Alternative  1 

Cost  (Thousands  of  Dollars) 

Piiramotors 

One 

Pump  per  Station 

Two  Pumps  per  Station 

Diesel 

Turbine 

Diesel 

Turbine 

Scenario  1 

Procurement 

$ 4,315 

5 5,645 

$ 4.799 

$ 7,215 

Transportation 

1,339 

1,310 

1,376 

1,329 

Construction 

168 

168 

178 

178 

Operation 

958 

1,660 

966 

1,782 

Maintenance 

324 

308 

354 

321 

Total 

$ 7.104 

$ 9.091 

$ 7,673 

$10,835 

Scenario  11 

Procurement 

S 4.211 

$ 5,532 

$ 4,665 

$ 7,096 

Transportation 

Construction 

1,334 

1 ,306 

1,368 

1.322 

166 

166 

174 

174 

Operation 

15,263 

26.907 

15.343 

28.977 

Maintenance 

5,317 

6,064 

6.572 

8.979 

Total 

$26,291 

$39,975 

$28,122 

$46,548 

Tublc  20,  Summary 

of  Costs; 

Alternative  11 

Cost  (Thousands  of  Dollurs) 

Parameters 

One  Pump  per  Station 

Two  Pumps  per  Station 

Diesel 

Turbine 

Diesel 

Turbine 

Seenurio  I 
Procurement 

Transportability 

$ 7,773 

$ 7,396 

$ 8.468 

Transportation 

limits  on  size  and 

573 

593 

577 

Construction 

weight  of  pump 

364 

366 

366 

Operation 

units  prohibit  using 

1,094 

657 

1,271 

Maintenance 

one  dicsebengine- 

274 

282 

276 

Total 

driven  pump  to 

$10,078 

$ 9.294 

$10,958 

Scenario  II 
Procurement 

develop  the  totul 
hydraulic  head 
required  at  each 
pump  station, 

$ 8,008 

$ 7,551 

$ 8,287 

Transportation 

577 

603 

582 

Construction 

364 

366 

366 

Operation 

18,030 

11,041 

20,912 

Maintenance 

4,174 

4,1  16 

4,863 

Total 

$31,153 

$23,677 

$35,010 
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Table  21.  Summary  of  Costs:  Alternative  I II 


Cost  (Thousands  of  C'ollurs) 


Parameters 


One  Pump  per  Station 


Two  Pumps  per  Station 


Parameters 


Coat  (Thousands  of  Dollars) 

One  Pump  per  Station  Two  Pumps  per  Station 


Turbine 


[ Scenario  I 

| 

1 Procurement 

S 4,775 

S 5,397 

$ 4,951 

S 5,959  1 

1 Transportation 

1,308 

1,291 

1.321 

1,299 

p Construction 

235 

235 

239 

239  \ 

| Operation 

602 

1,084 

615 

1,220  1 

1 Maintenance 

307 

302 

317 

307  1 

Total 

$ 7,227 

$ 8,309 

5 7,443 

$ 9.024  \ 

{ Scenario  11 

l 

| Procurement 

$ 4,772 

S 5,478 

$ 4.967 

$ 6,103  1 

[ Transportation 

1,312 

1,292 

1,325 

1,299 

! Construction 

235 

235 

239 

239  \ 

| Operation 

1 1,265 

20,264 

11,507 

22,887  | 

L Maintenance 

4,416 

5,061 

4,670 

"■'51  i 

| Total 

522,000 

532,330 

$22,708 

$36,719  i 

Tii h lo  23.  Summary  oi'Cqsts:  Alternatively 
Cost  (Thousands  of  Dollars) 


Parameters 

One  Pump  per  Stution 

Two  Pumps  per  Station 

Diesel 

Turbine 

Diesel 

Turbine 

Scenario  I 
Procurement 

Transportability 

$ 7,255 

$ 6.711 

$ 7,118 

Transportation 

limits  on  sl/.e  unci 

572 

592 

576 

Construction 

weight  of  pump 

341 

342 

342 

Operation 

units  prohibit 

851 

519 

988 

Maintenance 

using  one  diesel* 

240 

255 

251 

Total 

engine-driven 

S 9.268 

S 8,419 

$ 9,275 

Scenario  11 
Procurement 

pump  to  develop 
the  total  hydraulic 
head  required  ut 

S 7.030 

See  Note 
$ 6,656 

$ 7.230 

Transportation 

each  pump  stution. 

574 

604 

578 

Construction 

341 

344 

344 

Operation 

17.399 

10,709 

19,396 

Maintenance 

2.892 

3,078 

3,296 

Totul 

$28,236 

$21,391 

$30,844 

NOTI!:  Tniniportibillty  IlmltH  on  nl/o  unit  weight  of  pump  unit  require  three  tliciitfl-entiliie-ilrlven  pump  unlti  to 
(k'vclop  the  tutul  hydruullc  horsupowvr  required  ut  uiivh  pump  il  illuti. 


Tublc  24,  Summary  of' Costs:  Alternative  IV-A 


Cost  (TliousumU  of  Dollars) 


Parameters 

One  Pump  per  Station 

Two  Pumps  per  Stution 

Diesel 

Turbine 

Diesel 

Turbine 

Seenurlo  I 

Procurement 

Transportability 

$ 7,255 

$ 6.711 

$ 7,118 

Transportation 

limits  on  size 

572 

592 

576 

Construction 

and  weight  ol 

298 

300 

300 

Operation 

pump  units 

851 

519 

988 

Maintenance 

prohibit  using 

249 

255 

251 

Total 

one  diesel-engine* 
driven  pump  to 

$ 9.225 

S 8.377 

$ 9.233 

Scenario  11 
Procurement 
Transportation 

develop  the  total 
hydraulic  head 
required  ut  each 
pump  station, 

$ 7,030 

574 

See  Note 
$ 6,656 

604 

$ 7.230 
578 

Construction 

298 

301 

300 

Operation 

17,399 

10,709 

19,396 

Maintenance 

2,892 

3,078 

3,296 

Total 

$28,193 

$21,348 

$10,800 

NOTI.:  Trun»portjbi!Mv  limits  on  sue  und  wvlplu  i»r  pump  unit*  require  three  dleicl-vnpinu-ilrlven  pump  units  to 
develop  the  total  hytli«'.,|le  honvpuwvr  required  at  eueh  pump  station. 
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Tuble  25  Summary  of  Costs:  Alternative  V 

Cost  (Thousands  of  Dollars) 

One  Pump  per  Station  Two  Pumps  per  Station 

Diesel  Turbine.  Diesel  Turbine 


Parameters 

■""  

Scenario  I 


Procurement 

Transportability 

$ 0,327 

$ 5,905  >' 

$ 6,751 

Transportation 

limits  on  size  and 

1.286 

1,312 

1,292 

Construction 

weight  of  pump 

154 

157 

157 

Operation 

units  prohibit 

996 

■i  cif . 600 

1,188 

Maintenance 

using  one  diesel- 

309 

322 

314 

Total 

engine-driven 
, pump  to  develop 

■ $ 9,072 

5 8,296 

$ 9,702 

Scenario  II 

the  total  hydraulic 

Procurement 

liedd  required  at 

S 6,512 

•3  6,012' 

$ 7,000 

Transportation 

each  pump  station. 

1,289 

1,320 

1,296 

Construction 

155 

1 58 

158 

Operation 

19,639  , 

11,476 

22,682 

Maintenance 

4,894  ■ 

4,621 

5,353 

Total 

532,489 

$23,587 

536,489 

Parameters 


Table  26.  Summary  of  Costs:  Alternative  V-A 
Cost  (Thousand,?  of  Dollurs) 


One  Pump  per  Station 


Two  Pumps  per  Station 


Diesel 

Turbine 

Diesel 

Turbine 

Scenario  l 
Procurement 

Transportability 

$ 6,327 

$ 5,905 

$ 6,751 

Transportation 

limits  on  size  and 

1.286 

1,312 

1,292 

Construction 

weight  of  pump 

233 

235 

235 

Operation 

units  prohibit 

996 

600 

1,188 

Muintenunce 

using  one  diesel- 

309 

322 

31£ 

Totul 

engine-driven 

$ 9.151 

S 8,374 

$ 9,780 

Scenario  11 
Procurement 

pump  to  develop 
the  totul  hydraulic 
head  ret|  u i red  ut 

S 6,512 

$ 6.012 

$ 7,000 

Transportation 

each  pump  station. 

1,289 

1,320 

1,296 

Construction 

233 

236 

236 

Operation 

19.639 

11,476 

22.682 

Maintenance 

4,894 

4,621 

5,353 

Total 

$32,567 

$23,665 

$36,567 
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Table  27,  Summary  of  Costs:  Alternative  VI 


Cost  (Thousands  of  Dollars) 

Parameters 

One  Pump  per  Station 

Two  Pumps  per  Station 

Diesel 

Turbine 

TI'ITTI— 

Scenario  I 
Procurement 

Transportability 

$ 3,847 

$ 3,399 

$ 4,019 

Transportation 

limits  on  size  and 

S6I 

579 

563 

Construction 

weight  of  pump 

368 

370 

370 

Operation 

units  prohibit 

952 

525 

1,005 

Maintenance 

using  one  diesel- 

267 

273 

267 

Total 

engine-driven 

S 5,995 

$ 5,146 

$ 6,224 

Scenario  II 
Procurement 

pump  to  develop 
the  total  hydraulic 
head  required  at 

$ 3,895 

$ 3,467 

$ 4,171 

Transportation 

each  punip  station. 

560 

583 

564 

Construction 

368 

370 

370 

Operation 

16.118 

9,750 

18,746 

Maintenance 

3,89] 

3,800 

4,840 

Total 

$24,832 

$17,970 

$28,691. 

Table  28,  Summary  of  Costs:  Alternative  Vl-A 


Cost  (Thousands  of  Dollars) 


Parameters 

One  Pump  per  Station 

Two  Pumps  per  Station 

Diesel 

Turbine 

Diesel 

Turbine 

Scenario  I 
Procurement 

Transportability 

$ 3,847 

$ 3.399 

$ 4,019 

Transportation 

limits  on  size 

561 

579 

563 

Construction 

and  weight  of 

300 

301 

301 

Operation 

pump  units 

952 

525 

1,005 

Maintenance 

prohibit  using 

267 

273 

267 

Total 

one  diesel- 

$ 5,927 

$ 5,077 

S 6,155 

Sccnurlo  II 
Procurement 

engine-driven 
pump  to  develop 
the  total  hydraulic 

$ 3.895 

S 3.467 

S 4,171 

Transportation 

heud  required  at 

560 

583 

564 

Construction 

each  pump  station. 

299 

301 

301 

Operation 

16,118 

9.750 

18,746 

Maintenance 

3,891 

3,800 

4,840 

Total 

$24,763 

$17,901 

$28,622 
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Tabic  29. 

Summary  of  Costs:  Alternative  VII 

Parameters 

Cost  (Thousands  of  Dollars) 

Scenario  1 

Scenario  H 

Procurement 

$6,596 

$ 6,778 

Transportation 

1,748 

1,760 

Construction 

136 

136 

Operation 

762 

15,696 

Maintenance 

452 

5,386  " 

Total 

$9,694 

$29,756 

Table  30.  Summary  of  Costs:  Alternative 

vm 

Parameters 

Cost  (Thousands  of  Dollars) 

Scenario  I 

Scenario  II 

Procurement 

$4,502 

$ 4,700 

Transportation 

918 

932 

Construction 

396 

400 

Operation 

562 

12,082 

Maintenance 

398 

7.306 

Total 

$6,776 

$25,420 

Scvcrul  cost  considerations  bearing  on  the  selection  of  the  best  pipe- 
line system  design  are  evident  in  Table  18.  Examining  first  the  Scenario  1 costs  for  the 
Militury  standard  pipeline  system,  one  finds  that  procurement  costs  represent  approxi- 
mately 67  percent  of  the  total  costs  identified.  Including  procurement,  transportation, 
and  construction,  the  cost  of  establishing  un  operational  capability  represents  85  per- 
cent of  the  total  Scenario  I cost  tor  the  Military  standard  system.  Thus,  for  the  short 
duration  conflict,  tlte  operation  and  maintenance  costs  are  not  of  primary  concern. 

Continued  examination  of  the  data  presented  in  fable  18  reveals  u 
contraposition  of  Scenario  II.  for  this  longer  period  of  operation  (3  yeurs).  the  cost 
of  operation  becomes  the  major  cost  factor  constituting  more  than  55  percent  of  the 
total  scenario  costs  identified.  Furthermore,  the  cost  for  maintenance  exceeds 
procurement  cost,  becoming  the  second  largest  contributor  to  total  scenario  costs. 
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The  total  Scenurio  I and  Scenario  II  costs  from  Tables  ‘8  through  30 
are  summarised  in  Table  31.  The  contribution  of  procurement,  transportation,  con- 
sttuction.  operation,  and  maintenance  costs  to  total  sccnaiio  costs  are  shown  in 
Table  32  expressed  as  a percentage  of  total  scenario  cost.  In  general,  the  relationship 
between  the  various  components  of  total  scenario  costs  outlined  previously  for  the 
Military  standard  lightweight,  coupled,  steel  system  hold  true. 

For  a specific  type  and  size,  pipe  cost  varies  in  direct  proportion  to  wall 
thickness,  Since  the  maximum  safe  working  pressure  is  u direct  function  of  pipe  wall 
thickness,  the  cost  of  pipe  varies  directly  with  operating  pressure,  Pipe  Is  the  highest 
cost  item  in  u pipeline  system,  normally  representing  more  than  hulf  the  totul  invest- 
ment in  materiel.  As  u result,  changes  in  pipeline  design  characteristics  which  uffect 
the  operating  pressure  have  a corresponding  effect  on  the  cost  of  pipe  and  signifi- 
cantly affect  the  total  cost  of  procurement. 

In  contrast,  maintenance  costs  tend  to  vary  In  Inverse  proportion  to 
operating  pressure,  Two  factors  bear  on  this  relationship.  In  general,  a high-pressure, 
thick-wall  pipe  will  be  less  susceptible  to  damage  and  deterioration  than  thin-walled, 
low-pressure  pipe,  Thus,  the  high-pressure  pipeline  will  normally  require  less  main- 
tenance than  a low-pressure  pipeline.  In  addition,  the  number  of  pump  stutions 
required  Is  inversely  proportionu)  to  the  operating  pressure.  The  number  of  pump 
units  in  a pipeline  system  hus  a greater  effect  on  maintenance  costs  than  the  size  of  the 
pump  units.  Therefore,  un  increase  in  pipeline  operating  pressure  allows  a reduction 
In  the  number  of  pump  units  and  the  associated  maintenance  costs. 

The  cost  of  operating  a pipeline  also  tends  to  vary  indirectly  with 
operating  pressure.  Fewer  large  pump  stutions  are  slightly  more  efficient  thun  numer- 
ous small  stations  thus  creating  some  cost  savings  for  high-pressure  pipelines.  More 
important,  the  number  and  cost  of  operating  personnel  are  u direct  function  of  the 
number  of  pump  stations,  Thus,  it  is  desirable  to  use  as  few  pump  stations  as  possible. 

For  both  Scenarios  l und  11,  Alternative  Vi-A  has  the  lowest  total  cost. 
Using  8-lnch-dlameter,  6061-T6  alloy  aluminum  schedule  10  pipe  joined  by  un  auto- 
mated ZAP-LOK  process,  this  candidate  system  hus  a proposed  maximum  operating 
pressure  of  660  lb/in*.  The  next  lowest  cost  cundldute  system  Is  Alternative  VI 
which  is  the  same  system  concept  except  commercial  construction  practices  are  to 
be  used  In  lieu  of  the  automatic  joining  oquipntent.  Using  two  diesel-engine-driven 
pumps  per  station,  these  are  the  only  alternatives  that  have  total  scenurio  costs  that  ure 
less  than  the  total  cost  of  a Military  standard  system, 
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Table  31.  Cost  Summary:  Scenarios  I and  II 

Cost  (Thousands  of  Dollars) 


One  Pump  per  Station 
Diesel  Turbine 

$ 5,483 


Two  Pumps  per  Station 
Diesel  Turbine 


1 

7,104 

$ 9,091 

$ 7,673 

$10,825 

II 

See  Note  1 

10,078 

9,294 

10,958 

III 

7,140 

8,222 

7,365 

8,937 

lll-A 

7,227 

8,309 

7,443 

9,024 

iv 

See  Note  1 

9,268 

8,419 

9,275 

IV- A 

See  Note  1 

9,225 

8,377 

9,233 

V 

See  Note  1 

9,072 

8,296 

9,702 

V-A 

See  Note  1 

9,151 

8,374 

9,780 

VI 

See  Note  I 

5,995 

5,146 

6,224 

VI-A 

See  Note  1 

5,927 

5,077 

6,155 

VII 

— 

- 

9,694 

— 

VIII 

6,776 

- 

- 

- 

Sccnurio  11 

MIL-STD 

18,812 

I 

26,291 

39.975 

28,122 

46,548 

II 

See  Note  1 

31,153 

23,677 

35,010 

III 

21,913 

32,243 

22,621 

36,632 

III-A 

22,000 

32,330 

22,708 

36.719 

IV 

See  Note  2 

28,236 

21,391* 

30,844 

1V-A 

See  Note  1 

28,193 

21,348* 

30,800 

V 

See  Note  1 

32,489 

23,587 

36,489 

V-A 

See  Note  1 

32,567 

23,665 

36,567 

VI 

See  Note  1 

24,832 

17,970 

28,691 

VI-A 

See  Note  1 

24,763 

17,901 

28,622 

VII 

— 

- 

29,756 

- 

VIII 

25,420 

~ 

- 

- 

NOTES! 

1.  Traniportability  llmlti  on  liao  jnd  weight  of  pump  unit*  prohibit  tiling  one  diuiul-englne-drlvon  pump  to 
devolop  the  total  hydraulic  head  required  at  each  pump  itatlon. 

2.  TraniportubUity  llmlti  on  ilzc  and  weight  of  pump  unlit  require  three  dleicl-engtne-drlven  pump  unlta  to  develop 
the  total  hydraulic  horsepower  required  at  each  pump  itatlon. 
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Table  .12. 


Alternative 


Scenario  I 


Bi..kJownof  famifo  f-.im  K.rm, 

w {%)  ('?) 


Maintenance  Total 
<^j  (Of) 


MIL-STD 


66.6 


I 

>1 

III 

III- A 

IV 

IV- A 

V 

V.A 

VI 

VM 

VII 

VIII 


60.7 

79.6 
66.9 
66,1 

79.7 
80,1 
71,2 

70.5 

66,1 

67.0 

68.0 

66.6 


Seenurlo  II 


11.6 

18.8 

6.4 

18.3 
18.1 

7.0 

7.1 
15.8 
15.7 
IIJ 

1 1.4 
18.0 
11.6 


6.7 

10.2 

2.4 

13.5 

3,9 

7.1 

2.1 

8.4 

3.3 

8.3 

4.1 

6.2 

3.6 

6.2 

1.9 

7.2 

2.8 

7.2 

7,2 

10,2 

5,9 

10.3 

1.4 

7,9 

6.7 

10.2 

4.9 

100 

4.6 

100 

3.0 

too 

4.3 

100 

4.2 

100 

3.0 

100 

3.0 

10 0 

3.9 

100 

3.8 

100 

5.3 

100 

3.4 

100 

4.7 

100 

4.9 

100 

MIL-STD 

I 

II 

III 

Hl>  A 

IV 
IV.A 

V 

V-A 

VI 
VI*A 

VII 
VJIJ 


19.3 

16.0 

31.9 

21.8 

21.7 

31.1 

31.2 
25.5 
25.4 

19.3 

19.4 

22.8 

16.5 


3.4 

5,1 

2.5 
6.0 
6.0 
2.8 
2.8 

5.6 

5.6 

3.2 

3.2 
5.9 

3.7 


I. 9 

0,6 

1,6 

0,7 

J. ) 
1.6 
1.4 
0.7 
1,0 
2.1 
1.7 
0.5 
1.6 


55.4 

58.1 

46.6 

51.4 

51.2 

50.2 

48.6 

48.5 

54.3 

54.5 

52.7 

47.5 

55.4 


20,0 

20.2 

17.4 
20.1 
20.0 

14.4 

14.4 

19.6 

19.5 
21.1 
21.2 
18,1 

28.7 


100 

100 

100 

100 

100 

100 

100 

100 

100 

too 

100 

100 

100 
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The  three  candidate  systems  (Alternatives  II,  IV,  and  1V-A)  having  the 
highest  maximum  safe  operating  pressures  (800,  1,000  and  1,000  lb/in1 . respectively) 
are  also  the  three  highest  cost  systems  lor  Scenario  I,  This  emphasizes  the  fact  that 
high  procurement  costs  associated  with  high  operating  pressures  cannot  be  offset  by 
suvings  in  operation  and  maintenance  costs  if  the  pipeline  is  to  be  in  operation  only  a 
short  period  of  time, 

As  operating  time  increases,  the  contribution  of  operation  and  main- 
tenance costs  becomes  significantly  more  important.  This  is  readily  apparent  from  the 
duta  in  Table  32.  For  Scenario  I,  operation  and  maintenance  costs  are  estimated  to 
represent  approximately  10  percent  of  the  total  cost  for  the  90-day  period.  For  the  3 
years  of  operation  In  Scenario  11,  operation  and  maintenance  costs  represent  approxi- 
mately 70  percent  of  the  total  cost. 

Table  33  lists  each  alternative  In  order  of  total  scenario  cost.  This 
ranking  shows  that  8 of  the  13  alternatives  full  In  the  same  order  for  both  scenarios. 
For  the  other  5 alternatives,  there  is  no  correlation  between  their  positions  in  the 
rankings.  Solely  on  the  basis  of  cost,  Alternatives  VI  and  VI-A  offer  the  only  oppor- 
tunity for  improvement  over  the  existing  Military  standard  system.  The  next  lowest 
cost  systems  for  both  short-  und  long-term  operations  would  be  Alternatives  III  or 

III-A,  followed  by  Alternatives  V or  V-A, 


Table  33.  Runklng  of  Alternatives  in  Order  of  Total  Srennrin  r™t. 

Scenario  1 

Scenario  11 

Alternative 

Totul  Cost 

Alternative 

Total  Cost 

VI-A 

VI 

MIL-STD 

VIII 

I 

III 

III-  A 

V 

V-A 

IV- A 

IV 

I! 

VII 

55,077 

5,146 

5.483 

6,77ft 

7,104 

7,140 

7,227 

8.296 

8,374 

8,377 

8,419 

9,294 

9,694 

VI-A 

VI 

MIL-STD 

IV- A 

IV 

III 

lll-A 

V 

V- A 

11 

VIM 

I 

VII 

$17,901 

17,970 

18,812 

21,348 

21,391 

21,913 

22.000 

23,587 

23,665 

23,677 

25,420 

26,291 

29,756 

NOT!  S 

1.  Cost  shown  In  thousands  of  dollars. 

2.  Cost  shown  Is  lor  the  least-cost  pump  station  conlliturutlon  fur  each  ullermillvc. 
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Without  exception,  diesel-engine-driven  pumps  offer  significant  savings 
in  comparison  to  turbine-engine-d riven  pumps  for  every  alternative  system.  For 
Scenario  I,  this  suvings  ranges  from  10  to  41  percent.  For  this  90-duy  mission,  the 
higher  initial  procurement  cost  of  turbine  engines  is  the  major  factor  contributing  to 
the  higher  overall  cost.  For  Scenario  II,  the  savings  with  diesel-enginedriven  pumps 
runges  from  43  to  66  percent.  In  this  longer  term  application  the  higher  fuel  cost  for 
turbine  engines  overrides  all  other  cost  considerations,  As  the  petroleum  shortage 
continues  to  force  fuel  prices  upward,  the  high  fuel  consumption  of  turbine  engines 
becomes  an  ever-increasing  liability.  Turbine  engines  may  offer  some  savings  in  main- 
tenance costs,  however,  these  savings  cannot  offset  their  higher  Initial  investment  and 
fuel  costs, 


The  principal  advantage  of  turbine-engine-driven  pumps  for  Military 
pipeline  applications  is  their  low  weight  in  comparison  to  diesel-engine-driven  pumps  of 
equul  capacity.  This  feature  is  of  particular  importance  if  the  intent  Is  to  use  only  one 
pump  unit  at  each  pump  station  in  a high-pressure  pipeline.  Reliability  considerations 
which  Indicate  the  need  for  at  least  two  pump  units  at  each  pump  station  diminishes 
this  weight  advantage,  since  each  unit  will  necessarily  be  smaller  and  lighter  in  weight. 
Since  the  size  und  weight  of  diesel-engine-driven  pump  units  of  the  capacities  being 
considered  in  this  study  do  not  exceed  Mllitury  transportability  limits,  the  higher  costs 
associated  with  turblnc-engine-drlven  pump  units  cannot  be  justified. 

14.  Operational  Effectiveness  Analysis,  Thu  purpose  of  this  analysis  is  to  pro- 
vide a measure  of  effectiveness  for  each  alternative  pipeline  system  concept  identified 
In  purugruph  1 1 . Employing  the  NSIA  trade-off  technique  (reference  Appendix  B). 
each  alternative  is  compared  to  the  Military  standard,  lightweight,  steel  coupled  pipe- 
line. The  result  is  u computed  vulue  indicative  of  the  relative  effectiveness  for  each 
candidate  system  design  concept. 

a.  Definition  of  Operational  Effectiveness  Evaluation  Parameters.  An 
indeterminable  number  of  fuctors  having  many  intricate  interrelationships  bear  on  the 
operational  effectiveness  of  a pipeline  system.  Thus,  to  contain  this  analysis  within 
achievable  bounds,  only  parameters  having  primary  significance  and  a measurable 
effectiveness  arc  evaluated. 

Recognizing  the  pitfalls  associated  with  less  than  an  ull-encompassing 
treatment  of  the  subject,  the  considerations  listed  in  Table  34  urc  selected  us  consistent 
with  the  objectives  of  this  study,  The  definition  of  each  consideration  Is  purposely 
kept  us  broad  us  possible  und  still  retain  congruency  of  meaning  In  the  evaluation  of 
the  alternative  pipeline  concepts. 
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Table  34.  Operational  icrtocttvcnciut  I'.vuluullon  Criteria 

Parameters  Considerations  Relative  Baste  Rating  Adjusted  Values 


Weighting  Undesirable  Desirable  Undesirable  Desirable 


Construction 

Rule 

4 

Joint  Reliability 

4 

Number  of  Personnel 

4 

Special  Skills  and  Training 

2 

Equipment  Requirements 

3 

Transportability 

2 

Environmental  l-'uctor* 

1 

Operation 

Mission  Reliability 

4 

Number  of  Personnel 

4 

Special  Skills  and  Training 

2 

Fuel  Consumption 

3 

Maintenance 

Eusc  of  Repair 

3 

Number  of  Personnel 

4 

Special  Skills  and  Training 

2 

Equipment  Requirements 

3 

Other 

Vulnerability 

3 

DurabUity 

2 

Safety 

1 

Storage 

3 

Recoverability 

4 

Totals 

38 

Net  Adjusted  Value  » Average  Net  Value  ■ 


( 1 ) Construction  Parameters.  The  following  considerations  relate  to 
the  construction  effort  required  to  establish  a pipeline  operational  capability. 

(a)  Rate,  in  accordance  with  the  study  objectives  set  out  in 
purugraph  4,  the  desired  construction  capability  is  to  advunce  a pipehead  as  rapidly  as 
possible  with  u goal  of  30  kilometers  per  day.  Assuming  20  hours  construction 
operating  time  per  day,  the  desired  construction  rate  Is  1.5  kilometers  (or  approxi- 
mately 0.93  miles  per  hour).  The  basic  rating  for  each  alternative  is  computed  as  a 
ratio  of  the  construction  rate  of  a single  crew  using  the  proposed  construction 
technique  versus  the  rate  of  construction  of  a lightweight  steel,  coupled  pipeline  by  a 
crew  following  the  procedure  outlined  in  reference.27  The  evaluation  of  construction 
rate  is  made  independent  of  the  number  of  personnel  or  amount  of  equipment 
employed  by  the  construction  crew, 

(b)  Joint  Reliability.  For  the  purposes  of  this  evaluation.  Joint 
reliability  refers  to  the  probability  that,  when  assembled,  following  norma!  operating 
procedures,  the  joints  in  the  assembled  pipeline  will  have  adequate  strength  and  will 

2 1 Military  Petroleum  Pipeline  Systems,  Headquarters,  Department  of  the  Army,  Washington.  D C.,  TM3-343, 
February  I9fi9, 
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not  leuk.  Weak  or  leaking  joints  requiring  rework  before  the  pipeline  cun  be  placed  in 
operation  require  additional  construction  effort.  The  net  result  is  a reduction  in  the 
effective  rate  of  construction.  On  this  basis,  joint  reliability  is  an  essential  element  of 
rapid  pipeline  construction. 

(c)  Number  of  Personnel,  Eucn  ulternative  pipeline  concept  is 
evaluated  on  the  basis  of’ the  number  of  construction  munhours  required  to  emplace 
100  miles  of  8-lnch  surface-laid  pipeline,  including  pump  stutions  and  pressure- 
regulation  stations,  under  uverugc  conditions.  Manpower  requirements  for  clearing  and 
grading,  grade  and  river  crossings,  and  other  special  construction  requirements  which 
urc  primarily  u function  of  the  terrain  traversed  by  the  pipeline  rutherthun  the  method 
of  joining  or  construction  procedure  are  not  considered  in  the  evaluation,  The  esti- 
mated construction  ntun-hours  do  reflect  the  use  of  multiple  crews  to  achieve  a con- 
struction rate  of  30  kilometers  per  day. 

(d)  Special  Skills  and  Training.  The  need  for  special  skills  and 
training  for  construction  personnel  employed  in  the  proposed  construction  procedure 
urc  compured  to  existing  Army  pipeline  construction  training  programs,  Skills  which 
cun  be  developed  und  maintained  only  tltrough  formal  training  are  of  primary  concern. 
Skills  which  can  be  developed  to  un  acceptable  degree  of  proficiency  after  minimal  on- 
the-job  truining  without  formal  or  prior  training  have  little  bearing  on  the  assigned 
rating. 


(el  Equipment  Requirements.  The  amount  und  type  of  equip- 
ment required  to  install  the  candidate  pipeline  system  urc  compured  to  the  require- 
ments for  installing  lightweight,  steel,  coupled  pipelines.  The  highly  desired  construc- 
tion procedure  would  employ  nothing  more  thun  a minimal  number  of  stundurd  Mili- 
tary vehicles  to  deliver  the  pipe  to  the  job  site.  Requirements  for  excessive  amounts  of 
standard  construction  equipment  ure  equally  as  undesirable  as  the  need  for  highly 
specialized  Items  of  support  equipment. 

(f)  Transportability.  The  movement  of  materials  und  equipment 
from  the  manufacturers  to  an  overseas  construction  site  involves  a complex  trans- 
portation effort.  Consideration  Is  given  to  all  elements  of  the  transportation  system, 
both  commercial  and  military,  assessing  the  burden  of  moving  the  tremendous  tonnage 
comprising  a pipeline  system.  Of  primary  concern  are  any  special  handling  require- 
ments imposed  by  the  equipment  to  be  transported.  The  transportability  limits  this 
study  places  on  equipment  design  precludes  any  unacceptable  transportation  demands, 

(g)  Environmental  Factors.  Encompassed  in  this  consideration 
is  any  environmental  fuctor  that  could  impede  achieving  the  desired  construction 
capability. 
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(2)  Operation  Parameters.  The  following  considerations  relate  to  tin: 
operation  of  Military  pipeline  systems. 

(a)  Mission  Reliability.  As  defined  previously,  mission  reliability 
is  the  probability  : hut  u quantity  of  fuel  equal  to  the  minimum  dally  consumption  can 
be  transported  from  a port-of-entry  to  a bulk  distribution  breakdown  point,  bach 
alternative  is  cvuluutcd  by  comparison  to  the  expected  performance  of  existing  Military 
standard  equipment.  To  the  extent  possible,  all  factors  bearing  on  the  operational 
reliability  of  u pipeline  system  are  considered. 

((b)  Number  of  Personnel.  This  consideration  is  reflective  of  the 
number  of  personnel  involved  directly  in  the  operation  of  u pipeline.  Requirements 
for  personnel  for  operation  of  murine  terminuis,  tank  farms,  and  other  facilities  which 
support  tile  pipeline  operation  bqt  are  not  directly  affected  by  the  pipeline  design  are 
not  included  in  this  evaluation. 

(c)  Special  Skills  and  Training.  Certain  basic  skills  arc  necessary 
to  operate  any  pipeline;  however,  the  skills  and  training  that  ure  unique  to  a specific 
alternative  pipeline  concept  arc  of  special  concern.  In  addition,  consideration  Is  given 
to  the  number  of  personnel  that  must  possess  skills  unique  to  the  pipeline  operation. 

(d)  Fuel  Consumption.  This  Is  a direct  comparison  of  the  esti- 
mated fuel  consumptions  for  the  alternative  pipeline  system  versus  Military  standard 
diesel-engine-driven  pumps  delivering  fuel  through  on  8-ineh,  lightweight,  steel  coupled 
pipeline, 

(3)  Maintenance  Parameters.  The  following  considerations  reluted  to 
the  maintenance  aspects  of  a Military  pipeline  system  operation. 

(a)  Ease  of  Repair.  The  degree  of  difficulty  encountered  in 
repair  of  u pipeline  has  a significant  bearing  on  the  time  required  for  repair,  This  con- 
sideration weighs  all  factors  associated  with  the  candidate  pipeline  system  which  may 
affect  the  capability  to  properly  maintain  the  pipeline  system.  This  considers  such 
I issues  us  unusual  iogistieul  support  requirements  which  may  involve  excessive  udmini- 

r strativc  down  time  os  well  as  the  level  of  physical  effort  associated  with  accomplishing 

i maintenance  and  repair  tasks. 


(b)  Number  of  Personnel,  As  with  construction  and  operation, 
this  consideration  deals  with  the  number  of  personnel  Involved  directly  in  the  main- 
tenance of  a pipeline.  All  estimates  of  required  manpower  include  performance  of 
scheduled  and  unscheduled  maintenance  including  repair  of  u nominul  umount  of 
dumuge  from  hostile  action, 
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(c)  Special  Skills  und  Training.  The  objective  W to  identity  any 
unusual  skills  or  training  that  may  be  rc«|uired  in  the  performance  of  pipeline  main- 
tenance. lupiully  important  is  any  requirement  to  substantially  increase  the  number  of 
personnel  in  existing  training  programs  or  occupational  specialities. 


(d)  Equipment  Requirements.  Of  importance  are  requirements 
for  special  equipment  or  the  need  to  dedicate  standard  items  of  equipment  specifically 
to  pipeline  maintenance  support. 

(4)  Other  Evaluation  Parameters,  The  following  considerations  do  not 
fall  conveniently  Into  the  category  of  construction,  operution.  or  maintenance  but  ure 
of  sufficient  importance  to  be  included  in  the  comparison  of  the  operational  effective* 
ness  of  the  candidate  systems. 

(a)  Vulnerability.  The  vulnerability  of  the  pipeline  encompasses 
the  subjectivity  to  ull  modes  of  potential  damage  from  accidental  events,  through 
ptlferugc  by  the  indigenous  population  to  all  types  of  hostile  action. 

(b)  Durability.  The  ability  of  the  pipeline  to  exist  in  an  operable 
condition  for  a long  period  of  time  is  evaluuted.  Of  interest  are  such  factors  as  cor* 
rosion,  deterioration  of  elastomers,  pump  und  engine  weurout,  etc.,  which  have  an 
affect  on  useful  service  life, 

(c)  Safety.  The  probability  of  events  involving  personal  injury, 
loss  of  life,  or  property  damage  is  evaluuted.  It  is  assumed  that  sound  engineering 
Judgement  is  applied  to  ull  alternative  pipeline  designs. 

(d)  Storage.  This  consideration  evaluates  each  alternative  In 
terms  of  long-term  storage  of  contingency  reserves. 

(e)  Recoverability.  The  level  of  effort  required  to  recover  a pipe- 
line system  and  the  suitability  of  the  equipment  for  redeployment  is  evaluated. 

b.  Operational  Effectiveness  Evaluations.  Bused  on  the  findings  of  the 
reliability  assessment  and  cost  analysis,  the  operational  effectiveness  evaluation  for 
each  alternative  considers  only  pump  stations  utilizing  two  diescl-engine-driven  pumps 
at  cadi  booster  station  to  develop  the  required  total  dynamic  head.  The  exceptions  to 
this  are  Alternatives  IV  and  IV-A  In  which  the  weight  und  size  of  diesel-engine-driven 
pump  units  make  it  necessary  to  use  three  pumps  at  each  booster  station. 
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Table  35  shows  the  alternative  pipeline  systems  in  descendinr  order  of 
merit  based  on  the  magnitude  of  the  NSIA  trade-off  scores  computed  in  Tables  36 
through  47.  The  procedure  for  applying  the  NSIA  trade-off  technique,  stipulates  that 
a basic  rating  value  of  +100  or  -100  overrides  all  other  considerations,  in  cases  where 
one  or  more  system  characteristics  are  assigned  a +100  rating  while  other  character- 
istics receive  u -100  rating,  the  negative  or  unacceptable  rating  takes  precedence. 
Examination  of  the  basic  rating  values  In  Tables  36  through  47  finds  these  limiting 
criteria  upply  to  only  two  of  the  alternative  pipeline  concepts. 


Table  35.  Summary  of  Operational  Effectiveness  Evaluation  Scores 


Alternative 

NSIA  Score 

V 

+16.9 

IV-A 

+ 14.4 

V-A 

+ 14.0 

ill 

+ 13.4 

lll-A 

+ 1 1.4 

11 

+ 10.7 

VI-A 

+9.7 

VI 

+9.3 

IV 

+8.9 

VII 

+8.0 

VIII 

-2.2 

I 

-9.3 

in  the  evaluation  of  Alternative  I (Table  36)  und  Alternative  VII 
(Table  4ft),  the  number  of  personnel  required  for  pipeline  operation  isussigned  a -100 
rating,  in  the  evaluation  process,  the  basic  rating  for  the  number  of  operator  personnel 
wus  equuted  inversely  to  the  percentage  change  in  operator  personnel  required  when 
compured  to  u Military  stundurd,  lightweight,  steel,  coupled  pipeline  system,  in  the 
case  of  Alternative  1,  the  low  maximum  safe  operating  pressure  requires  u large  number 
of  pump  stations.  This  in  turn  increases  the  number  of  operator  personnel  by  more 
than  240  percent.  Any  increase  of  100  percent  or  more  receives  u basic  rutlng  of -100 
excluding  the  alternative  from  consideration.  For  Alternutive  VII.  the  requirement  to 
oporuto  two  parallel  pipeline  systems  each  having  a lurge  number  of  pump  stations 
results  In  un  increase  in  operutor  personnel  of  more  than  100  percent, 

The  exclusion  of  Alternative  I as  a result  of  its  being  ussigned  a husic 
rating  value  of -100  hus  little  Impact  on  this  analysis.  Alternutive  1 is  one  of  two  alter- 
natives which  have  negative  uverage  net  values,  This  negative  value  indicates  the  opera- 
tional effectiveness  of  Alternutive  I would  be  less  than  for  the  existing  Military 
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Table  36.  Operational  Bflectlvencii  Evaluation  of  AlUrnatlve  I 


Parameters 

Considerations 

Relative 

Weighting 

Italic  Rating 
Undesirable  Desirable 

Adjusted  Vuluci 
Undesirable  Desirable 

Conttruellnn 

Kate 

4 

+23 

+ 100 

Joint  reliability 

4 

4 .Ml 

+ 200 

Number  of  personnel 

4 

+63 

+260 

Special  akUl»  and  training 

2 

+33 

+70 

Equipment  requirement! 

i 

+ 13 

+43 

Traniportabllity 

1 

-33 

-70 

Environmental  factun 

i 

Operation 

Million  reliability 

4 

-70 

-280 

Number  of  personnel 

4 

-10D 

•400 

Special  ikilli  and  training 

3 

-33 

-70 

I'ucl  consumption 

3 

0 

0 

0 

0 

Maintenance 

laic  of  repair 

3 

-33 

-105 

Number  oi‘  pcnunnel 

4 

-20 

-80 

Special  skills  and  training 

2 

0 

t) 

0 

0 

Equipment  raqulrementi 

3 

0 

0 

O 

0 

Other 

Vulnerability 

3 

-33 

-tos 

durability 

2 

0 

0 

0 

0 

Sulety 

l 

0 

0 

0 

0 

Storage 

3 

-33 

-105 

Recoverability 

4 

0 

0 

_0 

0 

Totals 

38 

-1.213 

+675 

Net  Adlusied  Valuu  -+673  -1,213  ■ -340 
Average  Net  Value  * -340/38  * -9.3 
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Parumcleis 

t.  onsidcrattons 

Relative 

Weighting 

basic  Rating 

Undesirable  Desirable 

Adjusted  Values 
Undesirable  Desirable 

Construction 

Rate 

4 

0 

0 

0 

0 

Joint  reliability 

4 

0 

0 

0 

0 

Number  of  personnel 

4 

0 

0 

0 

0 

Special  skills  and  training 

1 

0 

0 

0 

0 

Equipment  requirements 

3 

0 

u 

0 

0 

Transportability 

2 

+15 

+30 

Pnvlromtiontul  fueturs 

1 

0 

0 

0 

0 

Operation 

Mission  reliability 

4 

♦35 

+ 140 

Number  of  personnel 

4 

+30 

+ 120 

Sput  lal  skills  and  training 

2 

0 

0 

0 

0 

1'SU‘I  eonsumptlon 

3 

-15 

-45 

Maintenance 

Case  of  repair 

3 

0 

0 

0 

0 

Number  of  personnel 

4 

-5 

-20 

Special  skills  and  training 

2 

0 

0 

0 

0 

Equipment  requirements 

3 

0 

0 

0 

0 

Other 

Vulnerability 

3 

+ 15 

+45 

Durability 

2 

+35 

+70 

Safety 

1 

+70 

+70 

Storage 

3 

+70 

+210 

Recoverability 

4 

0 

0 

0 

0 

Totals 

58 

-65 

+685 

Net  Adjusted  Vuluc  * +685  - 65  * +620 
Avc-agg  Net  Value  - +620/58  - +10.7 
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Table  38,  Operational  1. <~fectlv«;nu«s  l.vuluiitiun  of  Alternative  1 I 1 


l’uraniclcrs 

Considerations 

Itelatlvc 
Welsh  linn 

Italic  Katina 

Undesirable  Desirable 

Adjured  Values 
Undesirable  iKsIruldo 

i ohm ruction 

Rate 

4 

+40 

+ 160 

Joint  reliability 

4 

+35 

+ 140 

Number  of  personnel 

<4 

+70 

+210 

Special  shills  and  training 

2 

*s> 

O 

+40 

Equipment  requirements 

3 

+20  ' 

+60 

Transportability 

2 

-15 

-30 

Environmental  factoii 

1 

+35 

+33 

Operation 

Million  reliability 

4 

-25 

-10U 

Number  of  porionnel 

4 

-40 

• 160 

Special  iklUs  uml  training 

2 

0 

0 

0 

0 

Fuel  consumption 

3 

0 

0 

0 

0 

Muintununce 

Ease  of  repuir 

3 

-15 

-45 

Number  of  personnel 

4 

-5 

-20 

Special  skills  and  training 

2 

0 

0 

Equipment  requirements 

3 

+33 

+ 105 

Other 

Vulnerability 

3 

0 

0 

0 

0 

Durability 

2 

+70 

+ 140 

Safety 

1 

+35 

+ 35 

Storage 

3 

♦70 

+210 

Recoverability 

4 

0 

0 

0 

0 

Totals 

58 

-355 

+1,135 

Net  Adjusted  Vulue  ■ +1,135  -355  * +780 
Average  Net  Value  « +780/58  « +13.4 
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I able  39,  Operational  I.ITcctlvencss  I- valuation  ol  Allcrnulive  lll-A 


I'uraniclcrs  Considerations 


t onslruetisin  Kale 

Joint  reliability 
Number  ol' personnel 
Special  skills  and  (raining 
Mqulpntem  requirement! 
Transportability 
Uhvironmentai  factors 

Operation  Mission  reliability 

Nun.W  of  personnel 
Special  skills  und  training 
luel  consumption 

Maintenance  liasc  of  rcpulr 

Number  of  personnel 
Special  skills  and  trulnlhg 
Mqulpment  requirements 

Other  Vulnerability 

Durability 
Suloty 
Storage 
Recuverublllty 
Totals 


Net  Adjusted  Vuluc  " +1,363  - 703  * +660 
Average  Net  Value  * +660/38  ■ +1 M 


l<  eta  live  liasie  Rating 

Weighting  Undesirable  Desirable 


Adjusted  Values 
Undesirable  Desirable 


Constitution 

Kale 

4 

*20 

+H0 

Joint  reliability 

4 

+*70 

+280 

Number  ul' personnel 

4 

+B0 

+330 

Spedul  skills  and  training 

2 

-35 

-70 

Kqulpment  requirements 

3 

-20 

-210 

Trumpor  lability 

2 

+20 

■ 1 

+40 

Knvlroimientul  ractora 

1 

-35 

-3B 

Opuruliun 

Mission  rellublllly 

4 

+50 

\ . ' • ' * 1 ' " 

i +200 

Number  of  personnel 

4 

+45 

+ i HO 

Special  skills  and  training 

2 

-IS 

" 30 

I’uel  consumption 

3 

-15 

-45  ’ . 

Maintenance 

I’usc  of  repair 

3 

-75 

-225 

Number  of  personnel 

4 

-15 

—4*0 

Special  skills  uml  training 

2 

-00 

-120 

Equipment  tequlrantents 

3 

-70 

-210 

Other 

Vulnerability 

3 

+50 

+ 150 

Durability 

2 

+95 

♦ 190 

Safety 

1 

+70 

+70 

Storage 

3 

+70 

+210 

Recoverability 

4 

-SO 

-200 

Totul 

58 

-1.205 

+ 1.720 

Not  Adjusted  Value  ■ +1,720-1, 205  « +515 
Average  Net  Value  - +5 15/5H  - +8.9 


Parameters 


Construction 


Operation 


Maintenance 


Considerations  Relative  llusle  Kilting 


Adjn sled  Values 


Weigh  till)! 

Undesirable 

Desirable 

Undesirable 

Dosilmble 

Kale 

4 

+35 

♦ 140 

i uint  reliability 

4 

+35 

♦ 140 

Number  of  personnel 

4 

+70 

+280 

Special  skill)  unci  training 

2 

+20 

+40 

Equipment  requirements 

3 

+20 

+60 

Transportability 

2 

-15 

-30 

Environmental  factors 

1 

+35 

+35 

Mission  reliability 

4 

-10 

-40 

Number  of  personnel 

4 

-IS 

-60 

Special  skills  and  training 

2 

0 

0 

0 

0 

luel  consumption 

3 

-10 

-30 

Ease  of  repair 

3 

-IS 

-45 

Number  of  personnel 

4 

0 

0 

0 

0 

Special  skills  and  training 

4 

0 

0 

Equipment  requirements 

3 

♦35 

+ 105 

Vulnerability 

3 

0 

0 

n 

0 

Durability 

2 

+70 

+ 140 

Safety 

1 

+35 

+35 

Storage 

3 

+70 

+210 

Keeuvetabillly 

4 

0 

0 

0^ 

0 

Totals 

58 

-205 

+ 1,185 

Net  Adjusted  Value  ■ +1,185  - 205  - +980 
Average  Net  Value  * +9BU/58  • +16,9 
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Parameters 

Considerations 

K du  live 

Weighting 

Husk  Ruling 

Undoilrublo  Desirable 

Adjusted  Vulucs 

Undesirable  Deiltable 

Construction 

Halo 

4 

+93 

+380 

Joint  rollublllty 

4 

+33 

+ 140 

Number  of  perionnel 

4 

+80 

+320 

Special  (kill)  and  training 

2 

-70 

-140 

Equipment  ruqulromenti 

3 

-70 

-210 

TraniportablUty 

2 

-73 

-30 

F.nvtrunmentul  fuctors 

1 

+33 

+33 

Operation 

Minion  rollublllty 

4 

-10 

-40 

Number  of  pononnel 

4 

-IS 

-60 

Special  ikllli  and  training 

2 

0 

0 

0 

0 

Fuel  coniumptlon 

3 

-10 

-30 

Malntonuneu 

Fate  of  repair 

i 

-13 

-43 

Number  of  pcrionnel 

4 

0 

0 

0 

0 

Special  skills  and  training 

2 

O 

0 

Fqulpmunt  requirement* 

3 

+33 

+ 105 

Olhor 

Vulnerability 

3 

0 

0 

0 

0 

Durability 

2 

+70 

+ 140 

Safety 

1 

+33 

+35 

Storage 

3 

+70 

+210 

Recoverability 

4 

0 

0 

0 

n 

Total* 

38 

-333 

+ I.36S 

Net  Adjualed  Value  * + 1.363  - 333  ■ +810 
Average  Nut  Value  * +810/38  + 14,0 


v 


1 able  44 . Operational  l.nccUvcnc.ss  Hvuluullon  ul'  Alternative  VI 


i’u  ru  mi*  ten 

Considerations 

Relative 

Weighting 

basic  Ruling 
Undesirable  Desltuble 

Adjusted  V nines 
Urulesirubli'  DcMruhk1 

Construction 

Rule 

4 

+40 

+ 160 

Joint  reliability 

4 

+ 70 

+280 

Number  of  personnel 

* . 

+70 

+280 

Special  skills  end  (ruining 

2 

-35 

-70 

equipment  requirement 

3 

-70 

-210 

Trunsporublllty 

2 

+20 

+40 

l.nvlrimmentul  fuciors 

1 

-35 

-35 

Operutinn 

Mission  reliability 

4 

+35 

♦ 140 

Number  of  personnel 

4 

+30 

+ 120 

Speelul  skills  umi  training 

2 

-15 

-30 

l uel  eonsumptlun 

3 

0 

0 

0 

0 

Maintenance 

base  ol'  repulr 

3 

-75 

-225' 

Number  of  personnel 

4 

-15 

-60 

Special  skills  und  (ruining 

2 

-60 

-120 

equipment  requirements 

3 

-70 

-210 

Ollier 

Vulnerability 

3 

+ 70 

+210 

Durability 

2 

♦95 

+ 190 

Safety 

1 

+70 

♦ 70 

Storuge 

3 

♦70 

+210 

Recoverability 

4 

-50 

-200 

Totals 

58 

-1.160 

+ 1,700 

Not  Adjusted  Vuluc  * >1.700  - 1.160  » +J40 
Amuge  Net  Vuluc  • +540/58  + 9.3 


S 
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Parameters 

('onsiilv  unions 

Relative 

Husk  R.uinj! 

Ail  just  ihI  Values 

Wvliditmit 

Undesirable 

Desirable 

Undesirable 

Desirable 

Construction 

Rule 

4 

+93 

+380 

Joint  reliability 

4 

+70 

+280 

Number  ol' personnel 

4 

+85 

+240 

Special  skills  ami  training 

2 

-70 

-140 

1 qulpnienl  requirements 

3 

-80 

-240 

Transportability 
Imvlnmmcniul  factors 

2 

1 

-33 

♦ 20 

-35 

+40 

Operation 

Mission  reliability 

4 

+33 

+ 140 

Number  of  personnel 

4 

+30 

+ 120 

Special  skllft  uml  truinlnp 

2 

-13 

-30 

f uel  consumption 

3 

0 

0 

0 

0 

Maintenance 

fuse  of  repair 

1 

-73 

-223 

Number  of  personnel 

4 

-IS 

-60 

Special  skills  and  trulnlnp 

2 

•60 

-120 

Equipment  requirements 

3 

-70 

-210 

Olhor 

Vulnerability 

3 

♦30 

+ 150 

Durability 

2 

+95 

+ 190 

Sulety 

1 

+70 

+70 

Storape 

3 

♦ 70 

+210 

Recoverability 

4 

-50 

-200 

Totals 

58 

-1,260 

+ 1,820 

Net  Adjusted  Vuluo  » +1,820  - 1 ,260  « +560 
Avorupe  Net  Value  “ +560/58  « +9,7 
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Operation 


Maintenance 


Tiihli.1 46.  Operational  I iTcctlveness  Ivaiuatlun  of Alietnatln  VII 


1‘aruincicrs 


t xiiMriK'iimi 


Considerations 


Husk  Haling 


Adjusted  Values 


Weighting 

Undesirable 

IV  si  ruble 

Undesirable 

IVsiruble 

Rati* 

4 

+65 

+260 

Joint  rullubiliiy 

4 

+35 

+ 140 

Number  ol'  personnel 

4 

+7S 

+300 

Special  skills  and  training 

2 

+20 

+40 

ITlulpiiioni  requirements 

3 

+20 

+60 

Transportability 
lin.'lriinmonittl  factor* 

2 

1 

-IS 

+33 

-30 

+33 

Mintin'  reliability 

4 

0 

0 

0 

0 

Number  of  person  ncl 

4 

-too 

-100 

Speclui  skills  und  training 

2 

0 

0 

0 

0 

I'uel  eoniun  ptlon 

3 

-IS 

-43 

Ruse  ol'  repulr 

3 

-IS 

-43 

Number  of  personnel 

4 

-80 

-320 

Special  skills  und  Irulning 

2 

-10 

-20 

Iqulpnivnt  requirement* 

3 

+3S 

+ 105 

Vulnerability 

3 

(1 

0 

0 

0 

Durability 

2 

+70 

♦ 140 

Safety 

1 

♦33 

+33 

Storage 

3 

+ 70 

+210 

Recoverability 

4 

f) 

0 

0 

0 

Total* 

38 

-860 

+ 1.325 

Net  Adjusted  Vuluc  » +1.325  - 860  ■ ♦ 4ti3 
Average  Not  Vuluc  ■ +463/38  » +8,0 


tvt'- 


Rule 

iuini  tvllubUly 
Number  of  personnoi 
Special  skills  ami  training 
Equipment  requirement* 
Transportability 
linvlronmontal  factors 

Operation  Million  reliability  4 

Number  of  personnel  4 

Special  skills  and  training  2 

luel  consumption  3 

Maintenance  Kusc  of  repair  3 

Number  of  personnel  4 

Special  skills  and  training  2 

equipment  requirements  3 

Ollier  Vulnerability  3 

Durability  3 

Safety  j 

Storage  3 

Recoverability  4 

Tutu1*  Sli 


-33 

-70 

-70 

•210 

-13 

-30 

-35 

-35 

+33 

-13 

-«0 

0 

0 

0 

-15 

-43 

-75 

-225 

-#0 

-320 

-23 

-30 

-33 

-103 

-3 II 


+33 

+70 

+70 

+70 


Net  Adjusted  Value  * +1,223  • 1,330  * -|JJ 
Average  Net  Value  » -123/38  - -2,2 


+ 140 
0 


♦ 1,223 


standard  system.  Similarly,  Alternative  VII  is  not  a desirable  concept  because  of  its 
relatively  low  NSIA  score. 

In  tlic  statement  of  the  study  objectives,  a 30-kiloineter-per-duy  con- 
struction rate  was  specified  as  a goal.  It  was  then  assumed  that  any  construction  pro- 
cedure that  would  achieve  the  desired  objective  of  30  kilometers  per  day  would  merit 
a +100  basic  rating.  Further,  it  is  assumed  that  a RDT&E  program  to  develop  a fully 
automatic  pipe-joining  capability  will  be  undertaken  only  if  there  is  adequate  evidence 
the  30-kilometer-per-day  construction  rate  can  be  achieved.  Busod  on  these  assump- 
tions, all  mechanized  pipe-laying  concepts  could  logicully  be  assigned  a +100  rating  for 
construction  rate.  None  of  the  alternatives  being  considered  provides  the  capability 
for  a single  crew  to  construct  30  kilometers  per  day  without  using  a fully  automated 
pipe-joining  machine.  Applying  the  rule  that  a +100  rating  overrides  all  other  factors 
would  then  lead  to  a decision  to  develop  a mechanized  pipe-luylng  capability. 

Although  the  design  goal  for  any  automatic  pipe-laying  machine  would 
be  30  kilometers  per  day,  there  is  some  technological  risk  and  the  goal  muy  not  be 
fully  achieved.  Because  of  this  risk,  each  mechanized  alternative  is  assigned  a maxi- 
mum ruting  of  +95  for  construction  rate.  This  precludes  a predisposition  to  develop  an 
automatic  pipe-laying  process  with  negligible  effect  on  the  uverugc  net  vulues  for  the 
fully  automated  alternatives. 

The  pipeline  concept  receiving  the  highest  NSIA  trade-off  score  ( 16.9) 
for  operational  effectiveness  is  Alternative  V.  A key  feature  of  this  pipeline  system 
concept  uppeurs  to  be  the  RACEBILT  Industrial  couplings  which  provide  the  capabil- 
ity to  rapidly  emplace  and  recover  the  pipeline  while  allowing  u moderately  high  pipe- 
line operating  pressure.  Review  of  the  cost  dutu  summarized  in  Table  33  shows 
Alternative  V to  have  comparatively  high  mission  costs  for  botli  Scenario  I and 
Scenario  II.  In  contrast.  Alternative  IV-A  ranks  second  In  operational  effectiveness 
with  an  NSIA  trude-off  score  of  14,4  while  having  the  lowest  mission  costs  (refer  to 
Table  33).  Thus,  the  NSIA  trude-off  scores  from  Tables  3ft  through  47  and  the  cost 
datu  from  Table  33  arc  used  In  Table  48  to  compute  vulues  reflecting  the  combination 
of  cost  and  operational  effectiveness  for  each  alternative  pipeline  system. 

The  cost  ratios  for  Scenario  i listed  in  column  3 of  Table  48  are 
obtained  by  dividing  the  applicable  mission  cost  for  Scenario  1 by  the  estimated 
Scenario  I mission  cost  for  the  present  Military  standard  pipeline  system.  Similarly, 
the  cost  ratios  for  Scenario  II  are  the  Scenario  il  costs  listed  in  Tuble  33  divided  by  the 
estimated  Scenario  II  cost  for  the  military  standard  system,  The  composite  cost  ratio 
for  each  alternative  is  obtained  by  dividing  the  sum  of  Scenario  I and  Scenario  II  costs 
l>v  the  sum  of  the  two  scenario  costs  for  the  Military  standard  pipeline  system. 
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Tl . i*  cost  and  operational  effectiveness  scores  listed  in  columns  6,  7. 
and  X of  Table  48  are  equal  to  the  NSIA  trade-off  scores,  listed  in  column  2.  divided1” 
by  the  applicable  cost  ratio.  This  adjustment  of  the  operational  effectiveness  scoring 
values  in  proportion  to  mission  costs  significantly  changes  the  magnitude  ol  most  ol 
the  scutes  while  having  only  a minor  effect  on  a few  alternatives.  The  rank  order  for 
the  resulting  cost  adjusted  values  differ  not  only  from  the  rank  order  of  the  basic  NSIA 
tradeoff  scores  but  also  between  Scenario  I and  Scenario  II.  The  rank  order  fur  the 
composite  cost  and  operational  effectiveness  scores  is  the  sumo,  except  foi  Alternatives 
II  und  IV,  for  the  Scenario  II  scores,  In  all  cases,  however,  Alternative  V retains  the 
highest  cost  und  operational  effectiveness  score. 

Front  Table  48,  column  6,  Alternative  Vl-A  runks  second  for  the  sliott 
duration  operation  represented  by  Scenario  i.  For  the  longer  duration  operation 
depicted  by  Scenario  II  und  for  the  composite  evuluutlon,  Alternative  IV-A  ranks 
second.  Both  of  these  concepts  urc  based  on  developing  a fully  automated  pipe-laying 
machine  to  instull  aluminum  pipe  using  the  ZAP-LOK  joining  process.  Logicully. 
Alternative  Vl-A  proposes  using  u relatively  lightweight  schedule  10  pipe  to  minimize 
the  equipment  procurement  cost  to  be  amortized  during  the  relative  short  mission 
duration  of  Scenario  I.  Following  the  same  rationale,  the  higher  cost  of  the  heavier 
wull  schedule  40  pipe  cun  be  offset  by  incrcuses  in  operating  efficiency  und  reduced 
maintenance  costs  over  the  longer  period  of  operation  in  Scenario  II.  Since  the  length 
of  a potential  future  Military  conflict  cannot  be  projected  accurately,  the  best  pipeline 
system  using  the  ZAI’-LOK  joining  technique  is  probably  u compromise  using  u pipe 
wull  thickness  somewhere  between  the  0.1 48  Inch  evaluated  us  Alternative  Vl-A  and 
the  0.322  inch  considered  in  Alternative  IV-A.  Fxamlnutlon  of  the  busic  ruling  vulues 
usslgnod  to  the  various  considerations  in  evaluating  Alternatives  IV-A  und  VI  A.  Tables 
41  and  45,  respectively,  does  not  indicate  such  a compromised  pipeline  design  concept 
would  result  in  a cost  and  operational  effectiveness  score  greater  than  the  score 
computed  lor  Alternative  V,  Tuble  42. 

The  cost  and  operational  effectiveness  data  presented  heretofore  do  not 
consider  two  important  factors,  research  and  development  requirements  und  logisticul 
support.  As  noted  previously  In  the  discussion  of  technological  risks,  developing  the 
fully  automated  pipe-laying  equipment  proposed  by  Alternatives  IV-A  and  Vl-A  would 
require  an  extensive  research  and  development  program.  In  contrast,  Alternative  V is 
based  on  manual  assembly  of  the  pipeline.  Other  than  the  vehicles  needed  to  deliver 
the  pipe  to  the  construction  site,  there  is  no  requirement  for  equipment  to  assemble 
the  pipeline. 
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Peacetime  Military  pipeline  construction  requirements,  if  any.  will  be 
associated  with  personnel  training  programs.  I ven  under  the  most  severe  combat  con- 
ditions that  can  be  envisioned,  the  requirements  in  u theuter  of  operations  will  never 
exceed  simultaneous  construction  of  more  tliun  a few  pipelines.  Although  it  is 
essential  for  the  Army  to  huve  a petroleum  pipeline  construction  capability,  any 
specialized  equipment  used  solely  for  this  purpose  will  be  a low-density  item  with 
limited  utilization.  Consequentially,  any  large  expenditure  for  research  and  develop- 
ment will  represent  u significant  part  of  the  total  life  cycle  costs  of  the  pipeline  system 
selected , 


Following  the  same  rationale,  the  logistic  support  costs  for  a special- 
ized item  of  pipeline  construction  or  maintenance  equipment  will  add  to  the  life-cycle 
cost  for  tlte  pipeline  system.  Thus,  research  and  development  and  logistic  support 
requirements  reinforce  the  desirability  of  the  simple,  munual  pipe-joining  technique 
proposed  by  Alternative  V as  opposed  to  other  complex,  mechanized  pipeline  con- 
struction procedures. 

The  proposed  mechanical  method  of  joining  pipe  is  an  expiedient  to 
rapid  pipeline  construction  with  minimal  skills.  Typically,  rapidly  assembled  joints  arc 
inherently  less  reliable  than  welded  joints.  Thus,  quick  coupling  methods  should  be 
used  only  when  operational  requirements  will  not  allow  use  of  a more  reliable  Joining 
technique. 


As  noted  in  Paragraph  3,  the  Army  cannot  develop  and  maintain  the 
high  degree  of  skills  required  for  construction  of  welded  pipeline.  The  ZAP-LOK  join- 
ing process  offers  a viable  alternative  to  welded  pipe  joints  for  applications  where  high 
rates  of  construction  are  not  an  essential  requirement.  Military  adaptation  of  the 
commercial  ZAP-LOK  joining  process  would  provide  a Military  capability  to  construct 
high  pressure  pipelines  without  highly  skilled  personnel.  An  assessment  of  potential 
requirements  for  future  Military  construction  of  high-pressure,  permanent  pipelines  is 
needed  to  determine  if  the  ZAP-LOK  process  should  be  adopted  for  Army  use. 

The  use  of  flexible  hoseline  systems  for  some  fuel  transportation  appli- 
cations has  frequently  received  considerable  attention.  As  a result,  the  Army  4-inch 
hoseline  outfit,  FSN  3835-892-5157,  and  the  6-inch  hoseline  equipment  from  the  U,S. 
Marino  Corps  Amphibious  Assault  Fuel  System  (AAFS)  were  included  in  the  investiga- 
tion of  pipe  materials  and  construction  techniques  conducted  by  the  Value  Engineer- 
ing Company.  These  systems  ure  identified  as  concepts  1234E  and  1240E,  respectively, 
in  paragraph  8 herein.  In  both  cases,  other  concepts  were  found  to  be  better  suited  to 
overland  transportation  of  large  quantities  of  fuels. 
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In  comparison  to  the  alternative  system  designs  evaluated  in  the 
preceding  paragraphs,  hoseline  systems  would  have  operational  characteristics  most 
nearly  approximating  Alternative  I,  low-pressure,  fiberglass-reinforced,  plastic  pipe. 
The  low  pressure  rating  of  hoseline  is  the  major  weakness  if  the  fuel  must  be 
transferred  more  thun  a few  miles.  For  longer  distances,  excessive  numbers  of  booster 
pump  stations  are  required,  As  the  number  of  pump  stations  increases,  equipment 
procurement  costs  rise.  More  important  Is  the  proportionate  increase  in  the  number 
of  operator  and  maintenance  personnel  required. 

Problems  associated  with  low-pressure  operations  overshadow  the 
advantages  of  flexible  hoseline  systems.  There  have  been  attempts  by  Industry  to 
develop  lightweight  flexible  hose  suitable  for  moderate-  to  high-pressure  application. 
However,  the  research  and  development  effort  needed  to  solve  the  problems 
encountered  have  not  been  forthcoming  because  of  luck  of  funds,  Without  established 
requirements  for  a high-pressure  hoscline  system,  there  has  been  no  justification  for 
the  Government  to  fu«d  such  a program.  Lacking  u definitive  market  potential, 
Industry  will  not  pursue  the  matter  without  Government  funding. 

Flexibility  is  the  principal  advantage  of  hoseline  systems.  The  ability 
to  traverse  extremely  uneven  terruin  and  to  chunge  directions  without  speciul  fittings 
or  the  problems  of  bending  pipe  cun  significantly  decrease  the  Installation  effort  of 
some  applications.  In  uddition,  if  the  hose  Is  flexible  enough  to  collapse,  methods 
for  laying  the  hose  such  us  fluking  and  rolling  on  reels  allow  more  rapid  installation 
than  possible  with  discrete  lengths  of  rigid  pipe. 

Along  with  ullowing  more  rupid  installation  procedures,  collapsing 
the  hose  for  storage  und  transportation  greatly  reduces  the  volume  to  be  handled. 
For  example,  in  the  4-lneh  hoseiine  outfit,  1,000  feet  of  4-inch  hose  is  Fluked  into 
u container  measuring  12  feet  in  length,  6 feet  in  width,  and  1 foot  high.  A stack 
containing  1,000  feet  of  4-inch  pipe  which  is  12  feet  long  und  6 feet  wide  would  be 
approximately  2 feet  high.  Thus,  the  cubage  of  a 4-inch  hose  when  collapsed  is 
approximately  one  half  the  cubage  of  an  equivalent  length  of  4-inch  pipe,  Assuming 
the  hose  wull  thickness  does  not  become  too  large  to  allow  collapsing  the  hose  tightly, 
the  spuce  suvlng  is  even  greater  with  larger  diameters. 

Weight  must  also  be  considered  when  evaluating  the  trunsportubility 
of  hose  in  comparison  to  pipe.  The  !50*lb/inJ  working  pressure  of  the  hose  in  the 
4-inch  hoseline  outfit  weighs  approximately  1.65  pounds  per  foot  of  length.  A 
606I-T6  alloy  aluminum  pipe  huvlng  a 4-inch  Inside  diumeter  und  weighing  1.65 
pounds  per  foot  would  have  a wull  thickness  of  approximately  0.109  inch  und  an 
allowable  working  pressure  of  nearly  1,000  Ib/ln1,  Thus,  for  an  equivalent  weight, 
a 4-inch,  6061-T6  aluminum  pipe  will  allow  a working  pressure  more  than  6 times 
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greater  than  that  of  the  4-inch  hoseline  outfit.  Similarly,  the  1 00-lb/in2 -working- 
pressure,  6-inch  hose  in  the  Murine  Corps  AAFS  weighs  approximately  2.3  Ib/ft. 
A bOo I -T(»  aluminum  pipe  having  a 6-inch  inside  diameter  and  weighing  2,3  lb/ ft 
would  have  u wall  thickness  of  approximately  0.095  inch  and  a maximum  allowable 
working  pressure  approaching  600  lb/in2.  In  this  case,  use  of  aluminum  pipe  allows 
a six-fold  increase  in  working  pressure  for  the  sume  weight  and  a corresponding 
reduction  in  the  number  of  pump  stations  required. 

The  reduced  volume  of  collapsible  hose  is  an  advantage  for  surface 
transportation  where,  for  most  vehicles  and  watercraft,  the  amount  of  pipe  that 
cun  be  carried  is  a function  of  available  cargo  space  rather  than  allowable  weight 
load  limit,  For  overscus  shipment,  35,000  pounds  is  the  load  limit  for  C-130  aircraft. 
A llaking  tray  from  the  4-inch  hosetinc  outfit  containing  1 ,000  feet  of  hose  weighs 
approximately  2,000  pounds.  Within  the  weight  limit,  one  C-130  aircraft  cun  carry 
17  fluking  trays  or  17,000  feet  of  collapsibie  4-inch  hose.  An  equal  quantity  of 
0.095-inch-wall,  4-inch-lnside-dlameter,  aluminum  pipe  will  fit  into  the  cargo  hold 
of  a C-130  aircraft  without  completely  filling  the  usable  space, 

The  35,000-pound  maximum  load  limit  will  allow  a C-130  aircraft 
to  curry  approximately  14,000  feet  of  6-lnch  hose  from  the  Murine  Corps  AAFS. 
Space  limitations  will  allow  a maximum  of  approximately  11,000  feet  of  6-inch- 
Inside-diameter  by  0.095-inch-wall  ulumlnum  pipe  to  be  loaded  into  u C-130  aircraft. 
In  this  cuse,  an  aircraft  cun  curry  approximately  25  percent  more  hose  than  aluminum 
pipe.  This  difference  becomes  inconsequential  when  one  considers  that  the  hoselinc 
will  require  2 booster  pumps  for  each  aircraft  load  of  hose  while  the  pipeline  will 
need  only  1 large  booster  pump  for  5 aircraft  loads  of  pipe. 

Insufficient  dutu  are  available  on  the  physical  characteristics  of  un 
8-inch  lightweight  collapsible  hose  to  make  a direct  comparison  with  8-inch  aluminum 
pipe.  However,  the  relationship  is  expected  to  be  similar  to  thut  of  the  6-inch  hoseline 
versus  pipeline  discussed  above. 

In  June  1970,  the  Navy  laboratories  were  tasked  by  the  Chief  of  Naval 
operations  to  aid  the  Murine  Corps  in  developing  equipment  to  sutisfy  present  and 
future  needs.  As  a purt  of  this  program,  the  Civil  Engineering  Luborutory  (CEL),  Port 
Huenome,  California  reviewed  the  Murine  Corps  fuel  storage  und  distribution  capabil- 
ities. The  CEL  study  found  the  Murine  Corps  AAFS  to  be  satisfactory  for  future  use 
when  employed  in  Its  normal  mode  of  transferring  fuel  from  a shore  facility  to  u Tacti- 
cal Airfield  Fuel  Dispensing  System  (TAFDS)  locuted  a maximum  of  5 miles  uwuy. 
However,  future  requirements  for  resupply  of  fuel  are  expected  to  Include  delivery 
of  fuel  to  remote  expeditionary  sites  locuted  more  than  25  miles  from  the  typical 
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TAFDS  sites.  The  CEL  study  concluded  thut  the  present  Murine  Corps  systems  cannot 
effectively  supply  the  required  fuel  over  these  long  distances.®  Even  if  hose  is  found 
to  be  superior  to  pipe  on  the  basis  of  operational  effectiveness,  its  use  is  difficult  to 
justify  because  of  the  high  cost.  The  price  of  the  6-inch  lightweight  hose  in  the  Marine 
Corps  AAFS  is  approximately  $7.00  per  foot  of  length.  The  6-inch,  6061-T6  alumi- 
num pipe  to  which  it  has  been  compared  would  cost  approximately  $2,25  per  foot  of 
length, 

Experience  has  shown  lightweight  hoseiines  to  be  a highly  versatile 
means  for  the  distribution  of  bulk  fuels  in  support  of  assault  operations  where  flexibil- 
ity, extreme  mobility,  rapid  deployment,  and  frequent  relocation  are  essential  to 
mission  success.  As  the  situation  stabilizes,  distances  increase,  and  the  volume  of  fuel 
to  be  supplied  grows,  hoselines  must  be  replaced  with  pipeline  facilities  to  meet  opera- 
tional requirements.  The  Army  4-inch  hoseline  outfit  is  capable  of  satisfying  many  of 
the  operational  needs  where  hoselines  are  practical.  A valid  mission  statement  showing 
that  this  system  will  not  meet  future  Military  fuel  distribution  requirements  must  be 
defined  before  development  of  a larger  capacity  system  can  be  justified. 

15,  Recommended  Pipeline  System  Design  Characteristics.  The  large  number  of 
candidate  pipeline  components  and  systems  considered  by  this  study  has  precluded 
analysis  of  each  alternative  in  sufficient  depth  to  develop  u detailed  design  specification 
for  any  specific  component  or  pipeline  system  concept,  Instead,  the  purpose  of  this 
study  has  been  to  identify  the  pipeline  system  concept  that  is  most  responsive  to 
future  Military  bulk  fuel  distribution  requirements,  To  this  end,  the  following  para- 
graphs outline  the  general  design  characteristics  of  a pipeline  system  that  will  function 
effectively  when  deployed  as  a subsystem  in  a total  bulk  fuel  distribution  system 
operating  in  a theater-of-operatlons. 

The  rate  of  pipeline  construction  can  be  Increased  while  reducing  the 
construction  manpower  requirements  by  replacing  the  present  Military  standard  20- 
foot  lengths  of  grooved-end  steel  pipe  and  split-ring  couplings  with  longer  lengths  of 
uluniinum  pipe  joined  by  a self-latching  mechanical  coupling.  To  achieve  the  maxi- 
mum rute  of  construction,  it  is  desirable  to  use  the  longest  lengths  of  pipe  consistent 
with  human  engineering  factors  for  manhandling  and  transportation  limitations. 

To  meet  the  required  throughput  requirements,  the  most  efficient 
aluminum  pipeline  will  have  a nominal  diameter  of  8 inches  und  a wall  thickness  of 
approximately  0,200  inch.  The  maximum  pipe  section  length  consistent  with  world- 
wide transportation  limitations  is  35  feet.  The  weight  of  u 35-foot  length  of  8.025- 
inch-outsldc-dlamctcr  by  0.200-inch-wall.  6063-T6  aluminum  alloy  pipe  Is  204  pounds. 

39  R,  C.  Winfrey,  et  al,  Marine  Corps  Fuel  Systems  {!  975-1  MS/,  Technical  Note  N-1243;  Naval  Civil  l-nyincettnii 
Laboratory ; Curt  llueneme,  California;  December  1972. 
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A section  of  this  pipe,  including  a lightweight  coupling,  can  be  handled  by  4 men. 
For  sustained  pipeline  laying  operations,  it  is  recommended  that  the  pipe  stringing  and 
joining  teams  include  6 men  to  handle  1 section  of  pipe. 

A simple,  self-latching  mechanical  coupling  of  the  type  represented  by 
the  RACEBILT  coupling,  manufactured  by  Race  and  Race,  lnc„  Winter  Haven,  Florida, 
is  the  preferred  pipe-joining  technique.  The  primary  advantages  of  this  type  of 
coupling  is  that  it  can  be  assembled  in  a few  seconds  without  any  tools  or  training,  A 
disadvantage  of  the  coupling  is  that  the  V-type  gasket  provides  a seal  in  only  one  direc- 
tion, against  internal  pressure.  If  the  pressure  outside  the  pipeline  exceeds  the  Internal 
pressure,  leakage  past  the  gasket  may  occur.  This  precludes  using  the  RACEBILT 
couplings  in  tank  farm  manifolds  and  In  other  applications  where  the  pipe  may  be  in 
the  suction  manifold  for  flood-and-transfer  pumps.  Use  of  grooved-end  pipe  and  split- 
ting mechanical  coupling  is  recommended  for  all  manifolds  where  the  pipe  may  be  a 
part  of  a suction  manifold. 

Any  required  bends  in  the  pipeline  can  be  formed  using  conventional 
pipe  forming  practices.  Making  field  bends  at  the  job  site  can  be  time  consuming, 
particularly  if  the  proper  equipment  is  not  readily  available.  As  an  alternative,  it  Is 
recommended  that  pipe-laying  crews  be  furnished  a variety  of  prefabricated  bends  of 
1 1 , 22'/i,  45,  and  90  degrees  to  be  installed  in  the  pipeline  where  needed. 

Rising  fuel  costs  are  continually  Increasing  the  cost  advantage  of  using 
high-speed,  medium-duty  diesel  engines  to  power  all  flood-and-transfer  and  pipeline 
booster  pumps.  If  possible,  pump  units  should  use  diesel  engines  that  are  common  to 
other  high-density  Items  of  equipment  to  reduce  logistical  support  requirements.  The 
potential  for  improved  mission  reliability  through  reduced  administrative  down  time 
further  supports  pump  units  sharing  engines  with  other  high-density  Items  of  equip- 
ment. 

Maximum  pipeline  mission  reliability  at  the  lowest  cost  Is  achieved 
using  two  or  more  pump  units  operating  in  series  at  each  booster  pump  station.  A 
standby  booster  pump  unit  Is  required  at  the  first  booster  pump  station  in  each  pipe- 
line to  mulntuin  an  adequate  flow  rate  through  the  first  segment  of  the  pipeline, 
improvement  in  mission  reliability  resulting  from  standby  pump  units  at  other  than  the 
first  booster  pump  station  does  not  merit  the  additional  cost  where  the  pipeline 
throughput  cupucity  will  allow  sufficient  downtime  to  perform  scheduled  maintenance. 

Ail  pipeline  equipment  should  be  designed  with  adequate  controls  and 
protection  devices  For  safe  operation  using  the  tight-line  method  of  pipeline  operation 
which  provides  the  most  efficient  utilization  of  personnel  and  equipment.  Fully  auto- 
mated booster  pump  stations  ure  not  practical  for  Military  pipeline  operations  because 
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they  are  too  costly  ami  require  skilled  maintenance  personnel. 

I’ump  station  manifolds  should  be  prefabricated  as  modules  to  elimi- 
nate as  much  on-site  assembly  work  as  possible.  An  improved  Military  pipeline  system 
should  include  the  following  ancillary  items: 

a.  Meters  for  volumetric  measurement  of  pipeline  throughput. 

b.  Pressure  regulation  equipment  for  long  down-hill  pipeline  sections. 

c.  Product  loss  reduction  equipment  providing  uutomaMc  shutoff  due 
to  failure  or  deliberate  rupture  of  a pipeline. 

As  noted  at  the  beginning  of  this  chapter,  a pipeline  is  a subsystem  of  a 
much  lurger  theater  bulk-fuel  distribution  system.  The  success  of  any  pipeline  in 
satisfying  its  assigned  mission  is  dependent  on  other  elements  of  the  total  distribution 
system.  Specifically,  there  must  be  a constant  supply  of  fuel  to  the  pipeline  and 
adequate  storage  capacity  to  receive  the  pipeline  throughput,  The  current  Military 
capability  is  deficient  in  both  of  these  areas. 

The  problems  associated  with  supplying  fuel  to  a pipeline  are  examined 
In  Appendix  A of  this  report,  This  analysis  identifies  the  need  for  development  of  an 
Improved  tanker  mooring  and  discharge  system.  More  advanced  moorings,  probably 
of  u single-point  type,  capable  of  restraining  larger  tankers  under  more  severe  seastate 
conditions  are  required.  More  important,  tho  tanker  discharge  capability  must  be 
expanded  to  provide  higher  flow  rates  from  tankers  moored  farther  off  the  coastline. 

The  large-capacity,  collapsible,  self-supporting  fuel-storage  tanks  now 
under  development  ut  MERADCOM  will  significantly  Improve  the  Army's  bulk  fuel 
storage  capability.  However,  a detailed  engineering  analysis  of  the  entire  theater-of- 
opcratlons  requirements  for  bulk  fuel  storage  is  needed  to  insure  that  existing  and 
future  fuel  storage  facilities  are  compatible  with  the  remainder  of  the  theater  bulk 
fuel  distribution  system. 
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V.  CONCLUSIONS 


16.  Conclusions.  It  is  concluded  dial: 

a.  The  operational  effectiveness  of  Military  petroleum  pipelines  cun  be 
improved  significantly  by  using  aluminum  pipe  Joined  by  Jf-lutching  mechanical 
couplings  (RACEB1LT  Industrial  fittings  or  equivalent)  in  lieu  of  the  present  Military 
standard,  lightweight  steel,  grooved-end  pipe  and  split-ring  couplings. 

b.  All  flood-and-transfer  and  pipeline  booster  pumps  should  be  powered 
by  high-speed,  medium-duty  diesel  engines  that  are  common  to  other  high-density 
items  of  Military  equipment, 

c.  The  maximum  pipeline  reliability  at  the  lowest  cost  cun  be  achieved 
using  two  pumps  operating  in  series  nt  each  booster  station. 

d.  The  tight-line  method  of  pipeline  operation  should  be  employed  to 
achieve  the  most  efficient  use  of  personnel  und  equipment. 

e.  Flexible  hoselines  are  not  practical  us  a means  for  transporting  largo 
quantities  of  fuel  except  in  support  of  assault  operations  where  flexibility,  high 
mobility,  rapid  deployment  and  recovery,  and  frequent  relocation  arc  essential  mission 
requirements. 


f.  Existing  tanker  mooring,  and  discharge  facilities  are  not  capable  of 
transferring  fuel  from  vessels  moored  offshore  to  marine  terminals  at  rates  which  will 
maintain  a constant  supply  of  fuel  to  pipeline  systems  satisfying  projected  combat 
support  requirements. 
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APPENDIX  A 


TANKER  MOORING  AND  DISCHARGE  SYSTEMS 


In  the  preceding  pages,  a pipeline  system  employed  as  an  element  of  a larger 
bulk  fuel  distribution  system  has  been  cxumlned  in  detail  as  the  link  between  using 
units  and  source  of  bulk  fuel  supply.  Existence  of  that  source  has  been  implicitly 
assumed;  however,  its  avullabllity  Is  contingent  upon  the  sequential  interaction  of 
oceun-going  tankers,  means  to  transfer  fuel  from  tankers  to  a shore-bused  murine 
terminal  complex,  und  means  to  store  large  volumes  of  fuel  at  the  marine  terminal. 
Tliut  fuel  would  eventually  be  transferred  forward  to  using  units  through  pipelines, 
hoselines,  railcars,  tank  trucks,  or  a combination  of  such  conduits  und  vehicles.  It 
must  be  noted  that  cuch  conveyance  means  cited  is  useful  only  If  there  is  at  leust 
us  much  fuel  uvullablc  at  the  source  us  the  volume  plunned  to  be  conveyed  forward. 
For  example,  if  it  is  planned  to  pump  10,000  barrels  of  fuel  through  un  overland 
pipeline  on  u given  day,  the  assemblage  of  elements  on  the  outlet  side  of  the  pipeline's 
first  pump  stution  will  perform  well  only  If  that  amount  (10,000  barrels)  of  fuel 
is  uvuilubie  at  the  marine  terminal  upstream  from  thut  pump  station.  Thus,  the  tuctlcul 
commundcr  will  be  serviced  adequately  only  if  u complete  bulk  fuel  distribution 
system  which  extends  from  tanker  to  front-line  tucticul  vehicle  fuel  tunk  Is  provided. 
Tlie  relationship  of  the  various  elements  wili  become  obvious  if  the  supply,  demand, 
und  fuel  reserve  are  uddressed  briefly  before  proceeding  further. 

The  fuel  reserve  at  any  Instant  is  simply  the  difference  between  the  cumulative 
volume  of  fuel  delivered  und  the  cumulative  volume  of  fuel  consumed.  Thut  difference 
cun  only  be  non-negative,  since  once  the  fuel  reserve  is  reduced  to  zero  there  may 
be  no  further  deliveries  to  using  units,  and  for  that  reuson  no  further  decrease  In  the 
fuel  reserve.  The  volume  of  fuel  consumed  must  be  loosely  construed  to  Include  fuel 
actually  consumed  in  vehicles,  stationary  equipment,  und  uircruft,  plus  fuel  lost 
through  leukuge,  sabotage,  und  pilferage. 

The  fuel  reserve  wili  normally  be  stored  in  the  murine  terminal  und  in  the  forwurd 
corps  uruus.  Its  level  will  vury  in  response  to  discontinuous  chunges  in  fuel  delivery 
and  fuel  consumption  rates.  The  overland  delivery  means  und  thut  portion  of  the  fuel 
reserve  maintained  by  the  using  units  in  the  forwurd  corps  ureu  must  be  cupublc  of 
accommodating  the  Inevitable  fluctuations  in  demand.  The  higher  the  potential 
throughput  and  the  reliability  of  the  delivery  means,  the  less  Important  the  forwurd 
ureu  Fuel  reserve  becomes,  Conversely,  If  the  delivery  means  is  of  low  potential 
throughput  or  low  reliability,  the  iurgor  the  forwurd  ureu  fuel  reserve  objective  must  be. 
At  the  beginning  of  the  pipeline,  the  fuel  reserve  levels  within  the  marine  terminal  will 
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vary  in  response  to  two  factors.  The  first  is  the  level  of  combat  intensity  as  manifested 
in  fuel  coinsumption  rates.  The  second  factor  is  a group  of  uncontrollable  variables 
which  collectively  dictate  whether  or  not  fuel  may  be  delivered  to  the  marine  terminal. 
The  principal  variables  are:  ( I ) availability  of  tankers  which  have  the  required  refined 
petroleum  products  on  board;  (2)  availability  of  existing  tanker  mooring  and  discharge 
facilities  or  coastline  characteristics  which  permit  u tanker  to  approach  sufficiently 
close  to  the  shoreline  to  permit  the  use  of  Militury  mooring  and  discharge  facilities; 
(3)  near-shore  current  velocities,  sea  conditions,  und  climatology  within  the  operating 
envelop  of  the  mooring  und  discharge  system;  and  (4)  reliability  of  the  tanker’s  pumps 
und  mooring  and  the  meuns  used  to  transfer  fuel  from  tanker  to  shore  (i.c.,  pipeline, 
baseline,  or  shuttle  cruft). 

The  world’s  coustlines  vury  substantially  in  terms  of  their  suitability  for 
neur*8liore  tanker  operations.  A given  coastline  may  huve  numerous,  few,  or  no 
hurbors,  und  those  hurbors  that  exist  muy  be  either  nutural  or  artificial,  liven  when 
hurbors  do  exist,  their  uvuilubility  is  subject  to  upprovul  of  the  host  nution.  If  hurbors 
ure  available,  the  tucticul  commander  must  decide  if  their  convenience  is  worth  the 
risk  which  fuel  discharge  operations  pose  to  other  facilities  within  the  harbor  urea. 
Turning  to  the  more  demanding  situation  where  use  of  existing  hurbors  bus  been 
rejected  for  some  reason,  the  planner  is  faced  with  u fourfold  problem;  u site  must 
be  located  which  is  compatible  with  Military  mooring  and  discharge  systems;  u tanker 
with  the  required  types  und  volume  of  fuel  must  be  uvulluble;  the  environmental 
conditions  prevailing  ut  the  time  the  transfer  of  fuel  Is  to  take  place  must  be  within 
the  design  operating  envelopment  of  the  mooring  and  discharge  system;  und  the  system 
must  be  functional  In  u mechanical  sense.  All  four  conditions  must  be  satisfied  before 
fuel  muy  be  transferred  from  sea  to  shore.  If  the  first  two  conditions  huve  not  been 
satisfied,  the  tucticul  commander  Is  left  to  rely  on  fuel  flown  in  by  uireruft  (bladder 
bird  und  wet  wing);  if  the  two  lutter  conditions  huve  not  been  satisfied,  he  muy  draw 
on  the  fuel  reserve  stored  In  the  murine  terminal  until  the  unfavorable  conditions 
subside  or  the  mechunicul  failure  is  repaired. 

The  generic  problem  of  delivering  fuel  from  tanker  to  marine  terminal  has  been 
exumlncd  In  detail  In  two  prior  works,  the  conclusions  of  which  will  be  summarized 
below.  The  reader  Is  referred  to  the  originul  works''-1,  A-J  lor  additional  information 
regurdlng  the  sources  of  data  und  the  study  methodology  used  In  reaching  the 
conclusions  which  are: 


A‘*  I . (Vvum'v,  MullH.eg  Tanker  Mooring  System  anil  Unloading  luclllty;  System  Model  und  Hellublllty  Anulysls, 
P S.  Army  Mobility  Tipilpmcnl  Kesourcli  und  Development  Command.  I on  llelvolr,  Virginia,  Junuury  1976, 
A-3 

T . Cevusto,  Cuustul  Churueterlslle*  und  Their  AITcel  on  Tanker  Dlseliurgo  Operation*  A Preliminary  Investiga- 
tion, US.  Army  Mobility  ITpilpmeitt  Keseuicli  and  Development  Command.  Tort  llelvolr,  Virginia.  Pending 
I'o  Id  lent  Ion. 
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a.  As  tankers  are  moored  further  offshore,  a mooring  and  discharge  system 
would  have  to  embody  increasingly  higher  mission  reliability  values  if  the  same  level 
of  performance  is  to  be  maintained,  all  other  things  being  equal. 

h.  Accumulation  of  a fuel  reserve  is  absolutely  essential  if  numerous 
weather-induced  fuel  interruptions  urc  to  be  avoided. 

c.  A greater  number  of  tankers,  moorings,  and  unloading  lines  is  required 
during  the  first  30  duys  of  a hostility  than  during  the  post-day  30  period.  This  occurs 
since  the  fuel  consumption  plus  tt  contribution  to  the  fuel  reserve  must  be 
accommodated  during  the  first  30  days,  while  only  consumption  must  be 
accommodated  afterwurd. 

d.  The  discharge  means  connecting  the  tanker  and  marine  terminal  is  expected 
to  constitute  the  limiting  bottleneck  in  virtually  any  mooring  and  discharge  system 
used  by  the  Military,  While  it  generally  will  never  be  feusible  to  discharge  fuel  at  a 
rute  even  upproaching  the  volumetric  capacity  of  a tanker’s  pumps,  the  problem 
could  be  ameliorated  somewhat  by:  (1)  use  of  multiple  discharge  units  witli  each 
mooring:  (2)  reducing  pipeline  friction  by  application  of  an  internal  coating  to  the 
unloading  line  or  use  of  friction  reducing  fuel  additives  (both  could  be  thought  of 
as  decreasing  the  roughness  coefficient  and  thereby  increasing  the  flow  rute):  and 
(3)  use  of  offshore  pumping  stations  to  increase  flow  rate.  The  use  of  multiple 
conveyance  units  und  internal  coatings  uppeur  to  be  the  more  feasible  of  the 
possibilities  presented. 

e.  Weutlier  will  periodically  and  prediotively  prevent  u tanker  from  Initially 
mooring  or  from  remaining  in  a mooring;  weather  factors,  therefore,  influence  the 
volume  of  fuel  which  muy  be  discharged,  The  degree  of  influence  will  vary  both  from 
site-to-site  und  us  u function  of  the  month  during  which  operations  take  place.  The 
current  mooring  und  disehurge  system  (multileg  tanker  mooring  system)  lias  u 
limitation  of  seustute  2 or  less,  Thus,  this  system  would  be  available  only  40  percent 
of  the  time  during  the  worst  month  of  the  year  on  a worldwide  average  and  70  percent 
on  an  annual  average  basis.  While  this  problem  fnay  not  be  overcome  totally  In  any 
reasonable  manner,  development  of  u second-generation  mooring  System  capable  of 
restraining  tankers  in  seastates  beyond  the  seastate  2 limitation  of  the  current  system 
would  at  ieast  diminish  the  problem. 

f.  The  current  system  may  only  service  tunkers  moored  within  5.000  feet 
of  the  shore.  This  implies  that  the  smallest  tankers  within  the  Military  Seulift 
Commund  (MSC)  fleet  muy  be  safely  moored  und  discharged  only  47  percent  of  the 
time  off  coastlines  which  ure  otherwise  suitable,  Attention  should  be  given  to 
developing  a second  generation  unloading  line  which  may  be  placed  further  offshore 
thun  the  current  line. 
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given  to  developing  ;i  second-generation  mooring  capable  ol'  sulely  accommodating 
tankers  larger  than  the  25,000-DWT  size. 

h.  The  current  system  is  usable  only  In  locations  where  the  current  velocity 
is  I knot  or  less.  Only  56  percent  of  worldwide  lunding  beaches  fall  in  thut  category. 


i.  The  explosive-embedment  anchor  development  effort  consisted  lurgely 
of  innovation  rather  than  of  deliberate  application  of  theoretical  research  findings. 
While  the  anchor  was  subsequently  proven  to  be  a useful  device,  further  improvement 
must  await  the  theoretical  findings  which  a basic  and  exploratory  research  effort 
would  be  expected  to  unearth.  This  problem  is  further  exacerbated  by  Ignorance  of 
the  mooring  load/timc  history  which  the  anchors  must  resist. 

J.  The  probability  of  delivering  fuel  from  a vessel  positioned  off  a randomly 
selected  lunding  beach  on  a randomly  selected  day  using  the  current  mooring  and 
discharge  system  is  relatively  low  (i.e.,  the  current  system  lacks  universality).  While 
total  universality  is  not  attainable  in  a pragmatic  sense,  an  advanced  mooring  and 
discharge  system  would  do  much  to  elevute  the  degree  to  which  universality  is 
approached.  The  reader  is  cuutioned  that  the  comparisons  to  be  presented  artificially, 
inflate  the  current  system’s  worth  - the  current  mooring  will  only  accommodate  u 
fraction  of  the  MSC  tanker  licet  while  an  advanced  mooring  would  conceivably 
accommodate  the  entire  fleet.  The  present  and  advunced  discharge  system  operating 
envelopes  are  given  in  Table  A-l, 


Table  A-l . Operating  Envelope  Parameters  for 
Present  and  Advanced  Tanker  Mooring  and  Discharge  Systems 


Parameter 

System  Capability 

Present 

Target 

Scastate 

2 

3 

Current  Velocity 

1 knot 

2 knots 

Conduit  Length 

5,000  feet 

10.000  feet 

Tanker  Size 

25,000  DWT 

38,000  DWT 

The  above  capabilities  may  be  transformed  Into  measures  of  utility  by  means  of 
methodology  developed  elsewhere  to  obtain  the  probabilities  presented  in  Table  A-2. 
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Table  A-2.  Probabilities  of  Being  Able  to  Transfer  Fuel  for 
Present  and  Advanced  Mooring  and  Disclnngc  Systems'* 


Probability  of  Being  Able  to  Transfer  Fuel,  Given. 

Parameter'1 

Present  System 

Advanced  System 

0.18  - 0.47 

0,53  - 0.71 

pU 

0.70 

0.85 

u Tlie  |it(.'scnt  uiul  iulvancoU  vyateiM*  addressed  embody  tin1  oputulnig  capabilities  cited  in  the  preceding  Table  as 
present  und  target,  respectively. 

h I'm  annual  occurrence  rates  of  seustate*  above  the  upper  operational  limit,  l.c.,  seastute  2 lur  the  present  system 
ami  seustate  3 lor  the  advanced  system  tsee  the  preceding  table), 
c Probability  of  delivering  fuel  from  u vessel  positioned  off  u randomly  selected  landing  beaclt  on  a randomly 
selected  duy. 

^ Probability  of  delivering  fuel  from  a vessel  '>n  a randomly  selected  day  utilizing  n present  or  advanced  system 
which  has  been  Installed  offshore  from  the  objective  urea. 

In  summary,  the  present  tanker  mooring  ami  discharge  system  would  be 
responsive  to  the  tactical  commander's  needs  between  18  and  47  percent  of  the  time, 
while  un  udvunced  system  would  Increase  this  value  to  between  53  und  71  percent; 
the  lutter  vuluo  jumps  to  85  percent  once  u site  has  been  selected  for  the  system. 
The  present  system's  Indicated  utility  would  he  even  less  if  the  probabilities  in  Table 
A-2  were  adjusted  downward  by  a factor  corresponding  to  the  percentage  of  the 
MSC’  tanker  fleet  less  than  or  equal  to  the  current  system’s  limit  of  25,000  deadweight 
tons  (less  than  half  the  MSC  fleet).  The  1.5  fold  to  3 fold  increase  in  potential 
coverage  of  worldwide  landing  beaches  associated  with  the  advanced  system  would 
reduce  initial  site  selection  constraints  substantially.  An  enhunccd  seustate  tolerance 
would  increase  the  hypothetical  udvunced  system's  usefulness  by  approximating  150 
percent  during  the  worst  month  of  the  year  and  by  a lesser  120  percent  on  an  annual 
busis.  An  advanced  discharge  means  with  a potential  throughput  double  tliut  of  the 
present  would  halve  the  number  of  systems  required  to  support  a given  magnitude 
hostility,  freeing  personnel  and  equipment  for  other  tasks.  While  the  advanced 
system’s  configuration  may  not  be  accurately  predicted  at  this  time,  it  is  known  that 
the  mooring  component  would  undoubtedly  be  of  a single-point  type, 
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APPENDIX  B 


NSIA  TRADE-OFF  TECHNIQUE 


A trade-off  technique  Is  a method,  procedure,  or  device  used  as  an  aid  in  decision 
making.  The  purpose  of  trade-offs  is  to  “weigh”  two  or  more  alternatives  or  choices 
in  un  objective  und  systematic  manner  so  as  to  increuse  the  probability  of  arriving 
at  a correct  decision. 

One  of  the  best  known  trade-off  techniques  wus  developed  by  the  National 
Security  Industrial  Association  (NSIA).  This  technique  Involves  breaking  a complex 
problem  down  into  a number  of  smaller  problems,  the  successive  solutions  of  which 
lead  directly  to  solution  of  the  basic  problem.  The  goal  is  to  objectively  express 
each  element  of  u problem  in  numerical  terms  for  use  in  substantiating  the  optimum 
decision. 

The  NSIA  technique,  when  applied  objectively,  provides  reasonable  accuracy 
in  decision  muking  without  requiring  the  excessive  uniounts  of  time  and  manpower 
which  often  preclude  the  application  of  more  sophisticated  techniques.  The  principal 
disadvantage  of  the  NSIA  technique  is  that  it  does  not  require  examination  of  all 
lower  order  parameters  which  muy  impact  on  the  final  outcome.  Despite  this 
weakness,  the  NSIA  technique  Is  vastly  superior  to  any  qualitative  judgment  of  the 
relative  merits  of  several  alternative  courses  of  action. 

The  evaluator  of  the  effect  of  a particular  alternative  should  include  in  the 
evaluation  all  aspects  of  the  problem  that  would  possibly  be  involved.  When  this  is 
done  by  trade-offs,  it  is  possible  to  refine  the  balance  of  the  favorable  and  unfavorable 
effects  of  ouch  alternative  on  the  overall  problem,  The  totul  effect  of  each  alternative 
is  expressed  as  u numerical  value  und  cun  be  incorporated  with  similar  overall  measures 
of  the  effect  on  the  totul  problem.  The  finul  result  obtuined  becomes  un  objective 
busis  for  judging  the  desirability  of  adopting  the  alternatives  that  have  been  so 
unalyzed, 

The  NSIA  trade-off  technique  produces  positive  or  negative  numerical  vulues 
for  the  possible  effects  of  u particular  parameter  (or  a change  therein)  on  all  the 
characteristics  und  other  features  of  u system,  As  such,  it  represents  un  evaluation 
of  the  system  from  one  purtlculur  point  of  Interest.  The  evuluutor  uses  numerical 
values  from  +1  to  +100  for  estimated  favorable  effects  and  values  from  -I  to  -100 
for  those  found  to  be  unfavorable.  An  estimate  of  either  +100  or  -100  would  override 
ui!  other  considerations. 


193 


-rrVy.rs  1 5 j.:. >. &isn u.^^-r,-,,-. -.■rar-»yi.-K _t  :,  .i,L, 


Severul  precautions  should  be  taken  in  applying  this  technique,  Evaluation 
should  be  made  only  by  individuals  fully  qualified  in  the  area  of  the  system 
characteristic  being  studied.  Second,  whenever  possible,  a given  evaluation  should 
be  made  independently  by  two  or  more  such  experts,  with  the  algebraic  average 
of  all  to  be  used.  Finally,  ull  possible  effects  of  a given  alternative  should  be 
considered.  When  this  has  been  done  for  all  the  alternatives  that  have  been  proposed, 
a reasonably  clear  and  rather  conclusive  indication  is  obtained  of  the  degree  of 
desirability  of  each.  It  is  evident  that  every  effort  must  be  made  to  describe  clearly 
and  completely  any  alternative  that  is  proposed  so  that  all  the  evaluators  obtain  a 
uniform  and  accurate  understanding  of  that  alternative. 

Procedures  for  applying  the  NS1A  technique: 

(1)  Define  the  problem  to  be  solved  clearly  and  concisely. 

(2)  List  all  the  ulternutives  that  can  be  considered  as  possible  solutions  to 
this  problem. 

(3)  For  each  such  alternative,  obtain  or  prepare  drawings,  schematics,  and 
other  materials  that  define  It  clearly. 

(4)  For  each  alternative,  prepare  a data  sheet  similar  to  the  one  shown  as 
Figure  B 1 . 

NOTE:  From  this  point,  tills  procedure  relates  solely  to  the  steps  tuken  for  one 
of  the  alternatives  being  studied  by  trade-off. 

(5)  Determine  ull  of  the  parameters,  such  as  reliability,  safety,  cost,  and 
schedule,  thut  could  be  affected  If  this  alternative  were  adopted,  Enter  these  by 
number  in  the  appropriate  column  of  the  data  sheet  for  this  alternative,  Enter  special 
Information  of  significance  about  any  of  these  characteristics  in  the  column  headed 
"Considerations." 

(6)  For  each  characteristic  entered  in  the  "Purimieters"  column,  establish 
and  enter  in  the  "Relutlve  Weighting”  column  u sultuble  weighting  value  thut  represents 
the  relative  importance  of  each  characteristic  to  the  system.  A value  of  unity  should 
be  assigned  to  the  least  important  characteristics,  with  appropriate  whole-number 
values  given  the  others,  according  to  their  importance,  For  exumple,  If  the  effect  on 
schedule  were  considered  least  important,  it  would  be  given  the  factor  of  1,  und  if 
Safety  were  considered  to  be  twice  as  Important,  it  would  be  weighted  by  u factor 
of  2.  In  some  Instances,  fractional  weighting  vulues  cun  be  used, 
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(7)  Evaluation  of  each  alternative  in  relation  to  each  system  characteristic  or 
other  parameter  should  then  he  made  by  the  individual  or  group  best  qualified  to 
judge  its  desirability.  For  example,  the  reliability  group  would  evaluate  the  feature 
from  the  viewpoint  of  its  effect  on  subassembly  or  system  reliability;  the  human 
factors  group  would  do  the  same  from  the  human  engineering  viewpoint.  Whenever 
possible,  u number  of  independent  evaluations  should  be  mude.  in  every  instance, 
however,  utmost  cure  must  be  taken  that  each  characteristic  associated  with  an 
alternative  is  evaluuted  In  isolation,  never  us  influenced  by  other  characteristics.  Euch 
evaluator,  huvlng  made  his  evuluution,  assigns  to  his  findings  an  appropriate  positive 
or  negutivc  number  to  Indicate  the  degree  of  desirability  or  undesirability  that  hus 
been  determined.  (See  the  scale  of  numerical  values  given  In  Figure  B*2.)  If  several 
evaluations  have  been  made  of  the  alternative  in  relation  to  n single  system 
characteristic,  the  algebraic  average  of  the  group  is  computed  und  entered,  us  either 
undesirable  or  desiruble,  in  the  “Basic  Ruling’’  column. 
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Figure  B-2.  Basic  rating  scale. 


(8)  Multiply  the  assigned  value  in  the  "Basic  Rating"  column  by  its 
corresponding  weighting  factor,  and  enter  the  product,  us  either  undersirable  or 
desirable,  In  the  "Adjusted  Values"  column. 
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(9)  I Living  done  t his  for  each  of  the  system  characteristics  or  other  parameters 
selected  as  significant  for  this  alternative,  add  algebraically  all  the  values  entered  in 
the  "Adjusted  Values”  column,  establishing  thereby  a lotul  net  vulue  for  the 
alternative. 

(10)  Obtain  a total  weighting  factor  for  this  design  feature  by  adding  all  weighting 
vulues  entered  on  the  dutu  sheet. 

(it)  To  determine  an  uverage  net  value  for  the  design  features,  divide  the  total 
net  value  by  the  total  weighting  factor.  The  resulting  aigebruie  sign  (plus  or  minus) 
will  indicate  whether  this  alternative  is  desirable  or  undesirable,  and  Its  absolute 
vulue  will  measure  the  degree  of  .Its  desirability  or  undesirability.  The  average  net 
value  thus  determined  is  the  figure  of  merit  for  this  particular  alternative. 

When  this  technique  has  been  applied  to  all  the  alternatives  under  consideration, 
the  average  net  vulue  determined  for  euch  will  provide  an  optimum  solution  of  this 
particular  problem. 
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COMPANIES  MENTIONED  IN  BPFS  STUDY 


Aerojet-General  Corporation  (AOMC) 
9236  Eust  Hull  Roud 
Downey,  California  90241 

^eroquip 

Gustin-Bucon  Division 
Post  Office  Box  927 
Lawrence,  Kansas  66044 

Amcrcout  Corporation 
Ameron  Corrosion  Control  Division 
Breu,  California  92621 

Anbeek  Com  puny 
Post  Office  Box  19415 
Houston,  Texus  77024 
(See  Zuputa) 

CIBA-GEICY  Corporation 
Pipe  Systems  Department 
9900-T  Northwest  Freeway 
Houston,  Texus  77018 

C1BA  Products  Company 
556  Morris  Avenue 
Summit,  New  Jersey  07901 
(See  CIBA-GE1GY) 

CRC-Crose  International,  Inc. 

Post  Office  Box  3227 
Houston,  Texas  77024 

Fricberg  and  Fonnsbcck  Associates 
Post  Office  Box  2127 
Fullerton,  California  92633 

Gustin-Bacon  Division 
Certuin-Teed  Products  Corporation 
Post  Office  Box  15079-S 
KunsusCity,  Kansas  66115 
(See  Aeroqulp)  For  Overhaul* 


Mobile  Pipe  Constructors,  Inc. 

16  Edge  water  Drive 
Belvedere,  California  94920 

Mohr,  Glen 
Post  Office  Box  52 
Linthicum,  Maryland  2 1 090 
(See  Mobile  Pipe  Constructors) 

Race  and  Race,  Incorporated 
Post  Office  Box  1 400 
Winter  Haven,  Floridu  33880 

Reynolds  Aluminum  Company 
Post  Office  Box  27003-ZA 
Richmond,  Virginia  23261 

Rockwell  International 
North  American  Aviation  Group 
1700  Eust  Imperial  Hlghwuy 
El  Segundo,  California  90245 

Smith,  A.  O.,  Corporation 
Reinforced  Plastics  Division 
2700  West  65th  Street 
Little  Rock,  Arkunsas  72209 

Victaulic  Company  of  America 
3102  Hamilton  Boulevard 
South  Plainfield,  New  Jersey  07080 

Westinghouse  Electric  Corporation 
industrial  Equipment  Division 
Post  Office  Box  300 
Sykesvllle,  Maryland  21784 

Zapata  Pipeline  Technology,  Inc. 
2521  Fairway  Park  Drive 
Suite  420 

Houston,  Texus  77018 
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COST  ESTIMATING  GUIDANCE 
TRANSPORTATION  COSTS 


I . Basic  Factors. 

a.  Budget  Fact  on.  (Source:  Mrs.  June  Stacey,  Prog  & Budget  Dlv,  S&M 
Dlv,  ODCSLOG,  2t>  Jun  75),  These  figures  represent  summury  rates  for  all  cargo, 
us  reflected  in  the  FY  76  Second  Destination  Transportation  budget. 


Budget  Converted 

Factors  to  S TON 

CONUS  Line  Haul  S47.88/S  TON  $47.88 

CONUS  Port  Handling  13.02/M  TON  32.55 

Mil  Sealift  Cmd  61.81/M  TON  154.53 

O/S  Port  Handling  5. 90/M  TON  14.75 

O/S  Line  Haul  10.93/S  TON  10.93 


b.  Convenlon  Factors. 

I M TON  - 40  ft3 
1 S TON  - 100  ft3 

2.5  M TON  - 1 S TON  (General  Curgu) 

1 M TON  - 1 S TON  (Ammunition) 

c.  Packing  and  Crating  Weights.  Guidance  ltas  been  requested  from  ODCSLOG. 
In  the  interim,  u fuctor  of  10  percent  will  be  added  for  general  cargo  and  ammunition 
only. 


2.  Computations,  (Source:  RAC  Study:  Selected  Uniform  Cost  Factors;  A Manual 
for  the  Army  Materiel  Commund,  Jun  72). 

a,  Determine  weight  of  equipment  to  be  transported  in  terms  of  S TONS. 
Vehicles  and  large  volume  items  should  be  computed  from  volume  (cube);  general 
cargo  and  ammunition,  directly  from  weight,  Source  reference  for  Military  vehicles 
and  selected  organizational  equipment  currently  in  the  inventory  is  TB  55-46-2. 


b.  Add  weight  of  packing  uiul  crating  lor  general  cargo  and  ammunition. 

c.  Apply  the  following  composite  (actors  to  total  tonnage  (S  TON): 


1st  Peat,  2nd  Destination 

To  User  For  Overhaul c 

Totul  Tonnage  S47.88 

Inventory  Positioned  In  CONUSu  $47.88  $95.76d 

Inventory  Positioned  O/S*  $27|.57b  $543. 14d 

0 If  distribution  unknown,  atiuina  JO-JO, 

I. 

Sum  of  all  factors,  plus  double  weighting  of  O/S  line  haul  because  of  Intermediate  back-up  depot. 

1 Tills  1s  transportation  coat  for  each  overhaul.  Multiply  by  number  of  overhauls  as  determined  in  calculation  of 
depot  overhaul  costs. 

**  Twice  one-way  transportation  cost  to  user, 

3.  Models. 


a.  First  Destination  Transportation. 


(STONx  1.1 ) 
or 

(ft3/100) 


x $47.88 


b.  Second  Destination  Transportation. 

x [(%  Conus  x $47.88) + (%  O/S  x $271.57)] 


(STONx  1.1) 
or 

(ft1 /1 00) 


c.  Transportation  for  Overhaul. 

Second  Best  x 2 x No.  of  Overhauls 
Trims  Costs  pur  Unit 


4.  Rationale.  Should  Include: 


u.  The  models. 

b.  The  stutement  tluit:  Cost  factors  were  obtained  front  Program  und  Budget 
Division,  S&M  Directorate,  ODCSLOCi.  Cost  models  were  derived  from  RAC  Study: 
Selected  Uniform  Cost  Fuctors;  A Manual  for  the  Army  Materiel  Com  round,  Jun  72. 
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DESIGN  OF  ALTERNATIVE  PIPELINE  SYSTEMS 


Assessment  of  the  cost  unci  operational  effectiveness  of  a pipeline  concept 
requires  definition  of  the  principal  hydraulic  design  characteristics  of  Die  actual  system 
to  be  evaluated.  The  design  procedure  for  each  alternative  pipeline  concept  evaluated 
in  this  report  is  summarized  in  this  uppendix. 

Military  pipeline  design  criteria  states  the  throughput  of  different  types  of  fuels 
to  be  pumped  must  be  considered,  and  the  heaviest  fuel  making  up  24  percent  or 
more  of  the  total  is  to  be  taken  as  the  design  fuel.1'  *1  Diesel  fuel  is  the  heaviest  of 
all  fuels  likely  to  be  pumped  through  Mllitury  pipelines.  The  evuluutlon  criteria 
established  in  paragraph  S of  the  basic  report  stutes  diesel  fuel  represents  30  percent 
of  the  totu)  throughput,  Therefore,  all  pipeline  design  calculations  arc  bused  on 
diesel  fuel  at  60°F  huving  a 0.8448  specific  gravity11 ‘3  und  u kinematic  viscosity 
of  3.85  centistokes.1 

The  friction  heud,  or  loss  of  head,  due  to  fuel  flowing  through  the  pipeline 
is  computed  using  the  Durcy-Welsbueh  equation  und  resistance  coefficients  from 
Figure  40  of  the  busic  report. 

From  Tuble  2 of  the  report,  the  maximum  daily  througpi.t  requirement  for 
Scenario  I is  27.620  barrels  per  duy,  A design  rate  of  950  gul/min  Is  selected  for 
Sccnurio  I.  This  Dow  rute  will  ullow  tlte  muxhnum  dully  throughput  requirement 
to  be  delivered  in  approximately  20  hours  of  operation. 

For  Scenario  II,  the  design  rute  of  tlow  is  specified  us  35,000  burrels  in  23  hours 
of  operation.  Tills  is  equivalent  to  a throughput  of  1,065  gal/min, 

a.  Alternative  I.  The  pipeline  is  constructed  using  fiberglass-reinforced  epoxy 
resin  pipe  with  PRONTO-LOCK  mechanical  joints  manufactured  by  C'lBA-GEIGY 
Corporation.  The  maximum  safe  working  pressure  for  an  8-inch-diameter  pipeline 
Is  150  lb/in2,  Assuming  20  Ib/ln2  suction  pressure  is  required  at  the  pump  inlet, 
the  pressure  loss  between  pump  stations  cannot  exceed  (150  - 20)  ■ 130  lb/in2, 


(I)  Scenario  I.  For  diesel  fuel  having  ;i  specific  gravity  of  0 8448  at  60°F. 
130  Ib/iir  is  equal  to  355  feet  of  fuel.  At  the  design  rate  of  flow  of  950  gal/min.  the 
fluid  friction  loss  through  the  pipe  is  computed  to  he  71.3  feet  per  mile.  The  total 
dynamic  head  losses  from  the  marine  terminal  to  the  highest  point  in  the  pipeline 
at  mile  00*  4 is  (71.3)  (00)  = 4372  feet  of  fuel  plus  3000  feet  increase  in  elevation 
(reference  Figure  2 of  the  basic  report)  or  7272  feet  total  heud.  Dividing  the  totul 
head  of  7272  feet  for  6 6 miles  of  pipeline  by  the  355  feet  muxlmum  totul  dynamic 
head  per  pump  station  gives  a value  of  20 .5.  Thus,  21  booster  pump  stations  are 
required  for  the  first  60  miles  of  pipeline.  The  design  head  for  each  pump  station 
will  be  7272/21  or  347  feet  totul  dytmmic  heud.  The  hydraulic  gradient  shown  in 
Figure  E-l  for  pump  stutions  1 through  21  is  constructed  using  these  flow 
characteristics. 

In  the  downhill  run  between  miles  60  and  80,  Figure  E-l,  the  slope  of  the  pipeline 
profile  is  steeper  than  the  hydraulic  gradient.  Under  these  conditions,  the  stutic 
heud  exceeds  the  fluid  friction  losses;  therefore,  no  pump  stations  ure  required  in  this 
section  of  the  pipeline,  The  crlticul  pressure  in  this  section  of  the  pipeline  occurs 
under  no-flow  conditions  where  th<*  stutic  heud  must  be  maintained  ut  or  below  the 
muxlmum  safe  working  pressure  of  150  ib/in2  or  410  feet  of  fuel.  The  totul  drop 
in  elevation  from  mile  60  to  mile  90  is  3000-  400  * 2600  feet.  Dividing  this  total 
stutic  heud  by  the  muxlmum  allowable  heud,  u vulue  of  2600/410  * 6.34  isobtuined. 
Thus,  6 pressure  regulation  stations  must  be  used  on  the  downhill  run  to  prevent 
over  pressurization  of  the  pipeline  under  stutic  conditions, 

When  pressure  regulution  stutions  ure  used  ut  locutions  Rl  through  R6  us  shown 
in  Figure  E-l,  the  resulting  static  heud  is  shown  by  the  stepped  hydraulic  gradient. 
At  the  design  rate  of  flow,  the  static  head  below  pressure  regulation  stutlon  R6  will 
push  the  fuel  to  mile  81,3.  Four  pump  stutions,  each  developing  a totul  dynamic 
heud  of  31 1 feet  of  fuel,  ure  required  to  push  the  fuel  on  to  the  end  of  the  100-mile 
pipe'  ne.  This  results  in  the  hydraulic  profile  shown  in  Figure  E-l  for  booster  pump 
stations  22  through  25. 

The  locations  for  the  booster  pump  stations  and  pressure  regulutlng  stutions 
ure  listed  in  Table  E- 1 . 

The  operating  conditions  for  booster  pump  stations  I through  21  of  347  feet 
total  dynamic  head  and  950  gul/min  equate  to  83,2  wuter  horsepower.  From  Figure 
E-2,  u booster  pump  of  this  size  will  have  an  efficiency  of  approximately  0.797. 
The  brake  horsepower  required  to  drive  the  pump  is  104.4  brake  horsepower. 

^ All  locution!  along  tins  pipeline  mo  designated  by  the  dlilanc#,  in  milon,  from  the  ftret  booster  pump  station; 
i.u.,  mile  SO  la  60  miles  from  the  first  booster  pump  station, 
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Table  l-.-l.  Location  of  Pipeline  Booster  Bump  Stations  and 
Pressure  Reduction  Stations  lor  Alternative  I Scenario  I. 


Station 

Location* 

I’l 

Booster  Pump 

0 

P2 

Booster  Pump 

4.27 

P3 

Booster  Pump 

8.54 

P4 

Booster  Pump 

12.26 

P5 

Booster  Pump 

15.69 

1*6 

Booster  Pump 

19.12 

1*7 

Booster  Pump 

22.32 

P8 

Booster  Pump 

25.44 

1*9 

Booster  Pump 

28.56 

PIO 

Booster  Pump 

31.54 

Pll 

Booster  Pump 

34.40 

PI  2 

Booster  Pump 

37.26 

PI  3 

Booster  Pump 

40.1 1 

P14 

Booster  Pump 

42.59 

PI  5 

Booster  Pump 

45.07 

PI  6 

Booster  Pump 

47.55 

Pi  7 

Booster  Pump 

50.03 

1*18 

Booster  Pump 

52.05 

PI9 

Booster  Pump 

54.07 

1*20 

Booster  Pump 

56.09 

P2I 

Booster  Pump 

58.1  1 

R 1 

Pressure  Regulating 

62.45 

R2 

Pressure  Regulating 

64.93 

R3 

Pressure  Regulating 

67.41 

R4 

Pressure  Regulating 

69.89 

R5 

Pressure  Reguluting 

73.56 

Rft 

Pressure  Regulating 

77.29 

P22 

Booster  Pump 

81.30 

P23 

Booster  Pump 

86.38 

P24 

Booster  Pump 

91.26 

P25 

Booster  Pump 

95.63 

) 
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EFFICIENCY,  PERCENT 


(2)  Scenario  II.  As  in  Scenario  I.  the  130  ’b/in2  maximum  pressure  rise 
across  each  pump  station  equates  to  a head  of  355  feet  of  fuel.  At  the  specific  design 
throughput  of  35.00C  barrels  in  23  hours,  or  1,065  gul/min,  the  fluid  function  losses 
for  diesel  luel  will  be  78.0  feet  of  fuel  per  mile  of  pipeline.  Adding  the  specified  5 feet 
per  mile  rise  In  elevation  of  the  pipeline  profile  yields  a total  dynamic  head  of  83  feet 
per  mile  of  8,300  feet  over  the  100-roile  length  of  the  pipeline.  Dividing  this  value 
by  the  355  feet  maximum  head  far  each  pump  station  yields  a value  of  23,88.  Using 
24  booster  pump  stations,  the  total  dynamic  head  of  each  station  Is  8300/24  or  346 
feet.  The  resulting  hydraulic  gradient  for  the  pipeline  Is  shown  in  Figure  E*3  with  the 
pumps  located  4.17  miles  apart. 

Booster  pump  station  design  conditions  of  1,065  gal/min  at  346  feet  total 
dynamic  head  equal  93.1  water’horsepower.  Using  an  efficiency  of  0.797  from  Figure 
E-2,  1 16.8  bruke  horsepower  are  required  to  drive  the  pump. 

b.  Alternative  II.  Using  schedule  40,  6061-T6  aluminum  pipe,  this  pipeline 
is  installed  using  uluminum  mechunicul  couplings  for  grooved-end  pipe.  The  maximum 
sufe  working  pressure  for  the  7,981-ineh-inside-diametcr  pipe  is  limited  to  800  lb/in2 
by  the  pressure  rating  of  the  couplings.  Using  20  Ib/ln2  suction  pressure,  the  effective 
pressure  loss  between  pump  stations  is  limited  to  (800  - 20)  * 780  lb/in2.  Bused  on 
diesel  fuel  at  60°F  having  a specific  gravity  of  0.8448,  780  lb/in2  is  equivalent  to 
2133  feet  of  fuel. 

(1)  Scenario  I.  Diesel  fuel  flowing  at  the  950  gul/min  design  rate  of  How 
will  produce  82.1  feet  per  mile  fluid  friction  losses.  The  totul  lieud  requirements 
for  the  100-mile  pipeline,  including  400  feet  increase  in  elevutlon  is  (82,1)  (100) 
+ 400  ■ 8610  feet.  Four  pump  stations  operating  ut  the  maximum  sul'e  discharge 
pressure  will  develop  (4  x 2133)  ■ 8532  feet  of  heud.  This  is  just  78  feet  or  19.5 
feet  per  pump  station  less  than  necessary  to  meet  the  design  conditions.  It  is  not 
practical  to  increase  the  number  of  pump  stutions  from  4 to  5 to  obtain  this  small 
umount  of  additional  heud.  Possible  alternatives  include:  (a)  increasing  the  maximum 
operating  pressure  by  19,5  feet,  which  reduces  the  factor  of  safety  slightly;  (b) 
reducing  the  suction  pressure  by  19,5  leet;  or  (e)  reducing  the  design  rate  of  flow. 
For  this  analysis,  reducing  the  design  (low  rate  Is  assumed  to  be  the  best  approueh 

A totul  effective  heud  of  8532  feet  less  400  feet  static  head  from  change  in 
elevutlon  results  in  8132  feet  of  heud  uvuilabie  to  overcome  dynamic  flow  losses. 
Using  the  Durcy-Weisbuch  equation  to  compute  the  rate  of  flow  corresponding  to 
u fluid  friction  loss  of  (8132/100)  * 81.32  feet  per  mile  yields  u new  design  rute 
of  flow  of  945  gal/min,  The  hydraulic  gradient  for  the  pipeline  system  with  four 
pump  stutions  operating  ut  945  gul/min  and  2133  feet  of  heud  is  shown  In  Figure  H-4. 
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Figure  E-4.  Hydraulic  gradient  for  Alternative  H — Scenario  I. 
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The  downhill  run  from  mile  60  to  mile  90  presents  no  problems  under  dynamic  \ 

conditions  since,  as  shown  in  Figure  H-4,  the  hydraulic  gradient  from  pump  station  ] 

P4  to  the  end  of  the  pipeline  is  below  the  curve  lor  the  muximum  sale  working  ' 


pressure.  The  pipeline  profile  falls  2188  feet,  equivalent  to  the  maximum  sale  working 
pressure,  between  mile  60  and  mile  76,88,  Thus,  without  a pressure  regulation 
stution,  the  pipeline  would  be  overpressured  from  mile  76,88  to  the  end  (mile  100). 

This  set  of  design  conditions  presents  an  ideal  situation  for  employing  a pressure 
reducing  stution,  A horizontal  static  gradient  line  drawn  2088  feet  above  the  profile 
at  mile  100  intersects  the  dynamic  gradient  ut  mile  75  as  shown  in  Figure  E*4.  By 
positioning  tile  pressure  reduction  station  at  this  point  and  adjusting  the  pressure 
setting  to  limit  the  downstream  pressure  to  1488  feet,  the  pressure  reduction  station 
will  not  restrict  the  flow  at  design  flow  conditions,  Under  static  conditions  the 
pressure  regulation  station  will  limit  the  downstream  pressure  to  1488  feet  of  head. 
Adding  the  600  feet  difference  in  elevation  from  the  pressure  regulation  station  ut 
mile  75  to  the  lowest  section  of  the  pipeline  from  mile  90  to  100,  the  maximum 
static  pressure  downstream  from  the  pressure  regulation  station  is  (1488  + 600)  * 
2088  feet.  The  difference  in  elevation  from  the  highest  point  on  the  pipeline  ut  mile 
60  to  the  pressure  regulation  stution  ut  mile  75  Is  2,000  feet.  This  Is  the  highest 
static  pressure  In  the  pipeline  above  the  pressure  regulation  station  occurring  at  the 
pressure  regulation  station  inlet. 

The  locutions  for  the  pipeline  booster  pump  stutlons  and  the  pressure  regulation 
stutlons  are  shown  In  Tuble  E*2. 


Tuble  E-2.  Locution  of  Pipeline  Booster  Pump  Stations  und 


Pressure  Regulation  Stations  for  Alternative  II  - Scenario  1. 


PI  Booster  Pump 


0 


P2  Booster  Pump  20,88 

P3  Booster  Pump  37.82 

P4  Booster  Pump  51.84 


* Location  shown  us  nillos  from  the  mutine  toiminul, 


The  booster  pump  stations  operating  at  945  gal/niin  and  2,133  feet  total  dynamic 
head  develop  509  water  horsepower.  From  Figure  E-2,  a booster  pump  of  this  size 
would  have  un  efficiency  of  approximately  0,807.  The  power  required  to  drive  the 


pump  would  be  63 1 brake  horsepower.  ^ 
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When  turbine-cnginc-driven  pumps  arc  used,  one  pump  unit  cun  handle  the 
entire  pumping  operation  at  each  booster  pump  station.  The  size  and  weight  of  a 
631-brake  horsepower  diesel-engine-driven  pump  unit  would  exceed  Military 
transportability  limits.  Thus,  two  dlosel-engine-drlven  units  rated  at  315  brake 
horsepower  each  would  be  required  ut  each  booster  pump  station.  Units  of  this 
size  slightly  exceed  the  limit  of  304  brake  horsepower  listed  in  Table  6 of  the  basic 
report.  However,  this  limit  Is  bused  on  the  uveruge  weight  of  pump  units.  By  Judicious 
selection  of  components,  design  of  a 315-brake  horsepower  diesel-engine-driven  pump 
of  acceptable  size  und  weight  is  possible. 

Bused  on  the  foregoing,  the  minimum  number  of  pumps  required  at  each  booster 
station  for  Alternative  11,  Scenario  I will  be  one  turbine-engine-driven  pump  or  two 
diesel-engine-driven  pumps. 

(2)  Scenario  il.  The  same  pressure  characteristics  used  in  Scenario  1 upply. 
Thus,  the  muximum  operating  pressure  is  2188  feet  of  head  and  the  maximum  total 
dynamic  head  developed  ut  each  pump  station  is  limited  to  2133  feet.  For  diesel 
fuel  flowing  at  the  design  rate  of  flow  of  1,065  gal/mln,  the  fluid  friction  losses 
through  the  pipe  ure  computed  to  be  9,632  feet  for  the  100-mile  pipeline.  Adding  the 
Increase  in  elevation  of  500  feet,  the  total  head  requirement  at  the  design  rate  of  flow 
is  10.132  feet.  When  five  booster  pump  stations  ure  used,  each  pump  station  must 
develop  10,132/5  ■ 2026.4  feet  of  lieud.  Figure  H-5  shows  the  hydraulic  gradient 
for  the  pipeline  with  the  pump  stutions  located  20  miles  upurt. 

The  hydraulic  horsepower  developed  by  u pumping  station  delivering  1,065 
gul/min  at  2026.4  feet  of  head  is  545  wuter  horsepower.  Applying  a pump  erriciency 
of  0.808  from  Figure  E-2,  the  power  required  Is  675  brake  horsepower. 

As  was  the  case  in  Scenario  I,  one  turbine-engine-driven  pump  can  be  used  ut 
euoh  pump  stutlon.  Transportability  limitations  require  the  use  of  three  225-brake 
horsepower  diesel-engine-driven  pumps  at  each  booster  station. 

c.  Alternative  III.  This  alternative  uses  6063-T6  aluminum  pipe  joined  by 
mechanical  couplings  manufactured  by  Race  und  Ruce,  Inc.  The  muximum  safe 
working  pressure  recommended  by  the  manufacturer  for  8-inch-diameter, 
0.150-inch-wall  pipe  is  359  lb/in2 . Again,  using  20  lb/ln2  suction  pressure,  the 
maximum  pressure  loss  between  pump  stations  is  (359  - 20)  ■ 339  lb/in2.  This 
maximum  working  pressure  is  equal  to  982  feet  of  diesel  fuel.  The  maximum  total 
dynamic  head  for  each  pump  station  is  limited  to  927  feet  with  55  feet  suction 
pressure, 
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Figure  E-5.  Hydraulic  gradient  for  Alternative  II  - Scenario  II. 
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(I)  Scenario  I,  The  design  flow  rate  of'  950  gal/min  translates  to  67.4 
feet  per  mile  fluid  friction  losses  for  the  8,239-inch-insido-diumeter  pipe,  The  dynamic 
flow  losses  from  the  murine  temiinul  to  mile  60  ure  (60)  (67.4)  = 4,044  feet.  Adding 
the  3000  feet  static  head  due  to  change  in  elevation,  the  pump  stations  in  the  first 
<>0  miles  of  the  pipeline  must  develop  u total  head  of  (4,044  + 3,000)  ■ 7,044  feet. 
Dividing  the  total  head  required  by  the  maximum  head  per  station,  o value  of 
(7044/927)  ■ 7,60  is  obtained.  Therefore,  8 pump  stations  are  required  to  develop 
7,044  feet  of  head  or  (7044/8)  ■ 880.5  feet  total  dynamic  head  per  pump  station. 
Figure  E-6  shows  the  hydraulic  gradient  for  this  pipeline  design. 

On  the  downhill  run  from  mile  60  to  mile  90  both  the  dynamic  and  static 
gradients  would  exceed  the  maximum  safe  working  pressure  without  the  use  of 
pressure  regulation  stations,  In  this  case  the  pipeline  designer  has  an  option  on  how 
the  line  la  to  be  designed.  Since  the  total  change  in  elevation  of  2600  feet  is  less  than 
three  times  the  safe  working  pressure  of  the  pipe,  only  two  pressure  regulation  stations 
would  be  required  to  maintain  safe  static  pressure  conditions.  However,  the  static 
head  below  the  last  pressure  regulation  station  would  not  be  sufficient  to  push  the 
fuel  ull  the  way  to  pump  station  P9  in  Figure  E-6.  This  would  require  two  pump 
stations  in  the  pipeline  between  mile  80  and  mile  100.  By  using  three  regulation 
stations  on  the  downhill  run  as  shown  in  Figure  E-6  only  one  pump  station,  P9,  Is 
required  in'  this  segment  of  the  pipeline,  The  use  of  three  pressure  regulation  stations 
und  one  pump  stution  is  a superior  choice  over  two  pressure  regulation  stations  and 
two  pump  stations. 

The  finul  system  design  is  as  illustrated  by  the  hydraulic  gradient  in  Figure  E-6. 
The  locutions  for  ull  booster  pump  stations  and  pressure  regulation  stations  are  shown 
in  Tublo  E-3. 


Tuble  E-3.  Locution  of  Pipeline  Booster  Pump  Stations  and 
Pressure  Regulation  Stations  for  Alternative  111  - Scenario  1. 


Station 

Location* 

PI 

Booster  Pump 

0 

P2 

Booster  Pump 

11.) 

P3 

Booster  Pump 

20.1 

P4 

Booster  Pump 

28.3 

P 5 

Booster  Pump 

35.9 

P6 

Booster  Pump 

42.9 

P7 

Booster  Pump 

49,3 

P8 

Booster  Pump 

54.7 

Ri 

Pressure  Regulation 

64 

R2 

Pressure  Regulation 

68 

R3 

Pressure  Regulation 

74 

£2 

* l.uiullun  .shown  us  inilos  from  murine  tufwlnal, 
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DISTANCE  FROM  MARINE  TERMINAL  IN  MILES 
Figure  E-6.  Hydraulic  gradient  for  Alternative  III  - Scenario  I. 
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A pump  stution  operating  at  9S0  gul/min  and  880.5  feet  total  dynamic  head 
develops  2 1 1 water  horsepower. 


From  Figure  L-2,  a booster  pump  of  this  sUe  will  have  an  efficiency  of  0.800. 
The  power  required  to  drive  u pump  of  this  size  is  264  brake  horsepower. 

(2)  Scenario  II,  Under  the  specified  design  conditions,  the  fluid  friction 
losses  when  flowing  at  1 ,065  gul/min  are  82.9  feet  per  mile.  Adding  the  S feet  per 
mile  static  gradient  yields  a total  head  requirement  of  87.9  feet  per  mile  or  8790 
feet  for  the  entire  100-mlle  pipeline,  Ten  booster  pump  stations,  euch  developing 
879  feet  total  dynamic  head,  are  required  to  maintain  the  pump  stution  discharge 
pressure  below  the  maximum  safe  working  pressure  of  957  feet,  Operating  at  55 
feet  (20  lb/in3)  auction  pressure  and  897  feet  total  dynamic  head  produces  a working 
pressure  of  934  feet,  The  corresponding  hydraulic  gradient  Is  shown  in  Figure  E-7 
with  1 0 miles  between  pump  stutions. 

The  hydraulic  horsepower  equivalent  to  1,065  gul/min  and  879  feet  total  dynamic 
head  is  236  wuter  horsepower.  From  Figure  E*2,  the  pump  efficiency  is  0,801  with 
the  pump  power  requirements  being  equal  to  294  brake  horsepower. 

For  both  dlesel-englne-driven  pumps  and  turbine-englne-d riven  pumps,  the  total 
dynamic  head  cun  be  developed  by  a single  pump  ut  euch  booster  stution. 

d.  Alternative  IV.  This  pipeline  concept  joins  6061-T6  aluminum  pipe  by  the 
ZAP-LOK  mechanical  swaging  process.  Using  8-inch  schedule  40  pipe,  having  un 
Inside  diameter  af  7.981  inches,  the  pipeline  has  a maximum  safe  operating  pressure 
of  1,000  lb/in2.  With  20  lb/in3  suction  pressure,  the  maximum  effective  pressure 
loss  between  pump  stutions  cannot  exceed  (1,000  - 20)  ■ 980  lb/in3.  When  pumping 
diesel  fuel,  equivalent  heads  are;  1000  lb/ln3  * 2735  feet  of  fuel,  980  ib/in3  » 2,680 
feet  of  fuel,  and  20  Ib/in3  * 55  feet  of  fuel. 

( 1 ) Scenario  I,  Diesel  fuel  flowing  at  the  design  rate  of  flow  of  950  gal/mln 
incurs  fluid  friction  losses  of  82. 1 feet  per  mile  of  pipeline.  The  total  head  requirements 
for  the  100-mile  pipeline,  including  the  static  head  of  400  feet  due  to  the  net  rise 
In  elevation  is  (82.1 ) (100)  +400"  8610  feet  of  fuel,  The  minimum  number  of  pump 
stutions  required  to  develop  the  total  head  without  exceeding  the  2735  feet  maximum 
safe  working  pressure  is  four.  With  each  pump  station  developing  2,152.5  feet  total 
dynamic  head  and  having  a suction  pressure  of  55  feet,  the  working  pressure  is  2207.5 
feet  of  fuel.  The  hydraulic  gradient  for  this  pipeline  system  is  shown  in  Figure  E-8, 


The  dynamic  hydraulic  gradient  is  well  below  the  maximum  safe  working  pressure 
ut  oil  points  along  the  pipeline.  The  pipeline  profile  falls  2600  feet  from  mile  60  to 
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mile  90,  The  resulting  maximum  static  head  of  2,600  feet  is  also  less  than  the  2,735 
leet  maximum  safe  working  pressure.  Therefore,  no  pressure  regulation  stations  are 
required  for  this  pipeline  design. 

The  booster  pump  station  location  arc  shown  in  Table  E-4. 

Table  E-4.  Location  of  Pipeline  Booster 


Station 

Location* 

PI 

0 

P2 

20.9 

P3 

37,9 

P4 

51.9 

‘locution  ihown  ai  mlloi  from  Hid  murlmi  termlnul. 

The  booster  pump  stution  performance  requirements  of  950  gul/min  and  2,152.5 
feet  of  head  correspond  to  5 ) 6 water  horsepower. 

Bused  on  pump  efficiency  of  0,807  from  Figure  H-2,  the  power  required  to  drive 
the  pump  would  be  61 1 bruke  horsepower. 

A single  turblne-englne-driven  pump  is  capable  of  delivering  the  required 
horsepower.  Two  diesel-engine-driven  pump  units,  eueli  ruted  ut  approximately  305 
bruke  horsepower  ure  required.  Otherwise  the  weight  und  size  of  the  pump  units 
would  exceed  Military  transportability  limits, 

<2)  Scenario  II.  As  in  Scenurio  1,  the  muxlnuim  safe  working  pressure, 
maximum  loss  between  pump  stutions  und  pump  stution  suction  pressure  are  2.734, 
2,680,  und  55  feet,  respectively.  At  the  specified  How  rate  of  1,065  gul/min  the  fluid 
friction  losses  are  equul  to  96,32  leet  per  mile  of  pipeline.  The  500  feet  rise  in 
elevutlon  along  the  length  of  the  pipeline  added  to  9&32  feet  dynamic  How  losses 
creates  a total  head  requirement  of  10.132  feet.  When  four  pump  stutions  are  used, 
each  pump  stution  must  develop  (10,132/4)  = 2.533  feet  pump  suction  pressure, 
Tlie  hydraulic  gradient  is  shown  in  Figure  H-9  with  the  pump  stutions  located  25 
miles  upurt, 

The  hydruulic  horsepower  of  a pump  operating  at  1,065  gul/min  und  2,533  feet 
of  heud  is  681  water  horsepower.  From  Figure  H-2.  a pump  of  this  size  would  have 
an  efficiency  of  0,81 1,  The  required  bruke  horsepower  is  computed  to  be  840  brake 
horsepower. 
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One  turbine-engine-drivon  pump  can  satisfy  the  total  pump  station  performance 
requirements.  Three  diesel-enginc-drivcn  pumps,  each  rated  at  approximately  280 
brake  horsepower,  are  required  at  each  pump  station  to  prevent  the  weight  and  size 
of  the  pumps  from  exceeding  Military  transportability  limitations. 

e.  Alternative  V.  This  alternative  employs  6063-T6,  8*inch,  0.200-inch*wall, 
aluminum  pipe  joined  by  mechanical  couplings  manufactured  by  Race  and  Race,  Inc. 
The  maximum  sdfe  working  pressure  recommended  by  the  manufacturer  for  this  pipe 
Is  482  ib/in2.  With  20  lb/lnJ  suction  pressure  required  the  maximum  pressure  loss 
between  punip  stations  is  (482  - 20)  ■ 462  Ib/in2.  Expressed  in  feet  of  l.ead  using 
0.8448  specific  gravity  diesel  fuel,  pressures  of  482,  462,  and  20  lb/in2  correspond 
to  static  heads  of  1 ,318,  1,263,  und  SS  feet  of  fuel,  respectively. 


(1)  Scenario  I.  At  the  design  rate  of  flow,  the  fluid  friction  loss  through 
the  8.225-lneh-inslde-diameter  pipe  Is  computed  to  be  71.4  feet  of  fuel  per  mile.  The 
total  flow  losses  from  the  marine  terminal  to  mile  60  are  (60)  (71.4)  ■ 4,284  feet  plus 
3000  feet  increase  in  elevation,  or  7,284  feet.  Dividing  the  total  required  head  by  the 
maximum  allowable  total  dynamic  head  per  pump  station  yields  a value  of  (7,284/ 
1,263)  * 5.77.  Therefore,  six  booster  pump  stations  are  required  to  develop  7,284  feet 
of  head  or  (7,284/6)  ■ 1,214  feet  of  head  per  station.  Figure  E- 1 0 shows  the  hydraulic 
gradient  for  this  pipeline  design, 

On  the  downhill  run  from  mile  60  to  mile  90  the  hydruulic  gradient  at  design 
(low  conditions  would  not  exceed  the  maximum  safe  working  pressure  for  the  pipe. 
However,  under  no-flow  conditions  the  static  head  would  be  1,318  feet  ut  mile  68.79 
resulting  in  overpressuring  of  the  line  from  that  point  to  mile  100.  Locating  a pressure 
regulation  station  at  mile  68.67  adjusted  to  maintain  the  discharge  head  ut  atmospheric 
pressure  will  limit  the  maximum  stutic  head  to  1300  feet  of  fuel  at  the  inlet  to  the 
pressure  regulation  station  und  between  mile  90  and  mile  100.  Below  the  pressure 
regulation  station,  the  static  head  will  push  the  fuel  to  mile  84.5  at  the  design  rate 
of  flow.  A pump  stution  developing  1062  feet  of  head  is  required  at  this  point  to 
push  the  fuel  on  to  the  end  of  the  pipeline. 

A pumping  station  delivering  950  gal/min  at  1,214  feet  total  dynamic  develops 
291  wuter  horsepower, 

Applying  a pump  efficiency  of  0.802  from  Figure  L-2,  the  required  engine  power 
rating  is  362  horsepower.  Using  turbine-engine-driven  pumps,  one  pump  unit  can 
handle  the  entire  pumping  operation  ut  each  booster  pump  station.  The  size  und 
weight  of  a dlesel-engine-uriven  pump  of  this  cupucity  would  exceed  the 
transportability  limits  established  herein.  Therefore,  at  least  two  diesel-engine-driven 
pumps  would  be  required  al  each  pump  stution. 
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Thi’  locations  of  the  pump  stations  anil  pressure  regulation  stations  are  shown 
in  Table  l>5. 


Table  h-5 , Location  of  Pipeline  Booster  Pump  Stutions  and 
Pressure  Regulation  Stations  for  Alternative  V - Scenario  1. 


Station 

Type 

Locution* 

PI 

Booster  Pump 

0 

P2 

Booster  Pump 

13.94 

P3 

Booster  Pump 

25,38 

P4 

Booster  Pump 

35.76 

P5 

Booster  Pump 

44,95 

P6 

Booster  Pump 

52,91 

R1 

Pressure  Regulation 

68.67 

P7 

Booster  Pump 

84.5 

* Location  shown  ui  miles  from  trnelno  tormina!, 


(2)  Scenario  II,  The  specified  design  conditions  result  in  fluid  friction 
losses  of  88, 8 feet  per  mile.  Adding  the  5-feet-per-mile  static  gradient  of  the  pipeline 
profile  yields  u total  head  requirement  of  (88.8  t S)  ■ 93,8  feet  per  mile  or  9,380 
feet  for  the  100-mlle  pipeline.  Eight  booster  pump  stations,  each  developing  1172 
feet  total  dynamic  head,  will  develop  the  required  heud  within  the  limits  of  the  1,318 
feet  maximum  safe  working  pressure.  Operating  with  55  feet  (20  lb/ln3)  suction 
pressure,  the  pump  station  discharge  pressure,  or  working  pressure,  at  design  conditions 
Is  (55  + 1,172)  ■ 1,227  feet  of  fuel.  The  resultant  hydraulic  gradient  is  shown  in 
Figure  E-l 1, 

The  hydraulic  horsepower  equivalent  to  1,065  gul/min  and  1,172  feet  total 
dynamic  head  Is  315  water  horsepower,  From  Figure  E-2,  the  corresponding  pump 
efficiency  is  0,801  used  to  compute  the  required  engine  rating  of  393  brake 
horsepower.  As  in  Scenario  1,  a single  turbine-engine-driven  pump  unit  can  be  used 
ut  each  pump  station.  Two  diesel-engine-driven  pumps  will  be  required  at  each  station 
because  of  transportability  limits  on  size  and  weight. 

f.  Alternative  V],  In  this  pipeline  design,  6061-T6  alloy  schedule  10  aluminum 
pipe  is  joined  by  the  ZAP-LOK  mechanical  swaging  process.  The 
8.329-inch*inside-dlameter  pipe  has  a maximum  safe  operating  pressure  of  661  lb/in2, 
equivalent  to  1 ,807  feet  of  diesel  fuel.  Operating  with  20  lb/in2  (55  feet)  pump 
suction  pressure,  the  maximum  pressure  loss  between  pump  stations  is  limited  to 
(1,807  - 55)  “ 1 ,752  feet  of  fuel, 
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( I ) Scenario  I.  Diesel  fuel  flowing  ut  tile  design  rate  of  flow  of  950  gal/min 
will  lose  67.1  feet  of  head  per  mile  due  to  fluid  friction.  The  totul  head  requirement 
for  the  first  60  miles  of  pipeline  is  (67. 1 ) (60)  + 3.000  * 7,026  feet  including  the  3,000 
feet  rise  in  elevation.  Four  pump  stations  discharging  at  the  maximum  safe  operating 
pressure  will  develop  (4)  (1752)  ■ 7,008  feet  of  head,  Adding  the  55  feet  suction  head 
available  at  station  1,  the  total  dynamic  head  is  (7,008  +55  -7,026)  *36  feet  at  mile  60. 

The  hydraulic  gradient  when  flowing  at  design  conditions,  shown  in  Figure  E-12, 
would  be  below  the  maximum  safe  working  pressure  at  all  points  from  pump  station 
P4  to  the  end  of  the  pipeline  without  a pressure  regulation  station.  However,  a 
pressure  regulation  station  must  be  used  on  the  downhill  slope  from  mile  60  to  mile 
80  to  prevent  overpressuring  the  pipeline  under  static  conditions. 

By  locating  a pressure  regulation  station  at  mile  67,  adjusted  to  maintain  the 
discharge  pressure  ut  55  feet,  the  fuel  will  flow  to  mile  90  by  gravity  due  to  the  drop 
in  elevation.  A pump  station  at  mile  90  developing  614  feet  total  dynamic  head  will 
provide  the  pressure  necessary  to  maintain  the  design  rate  of  flow  to  the  end  of  the 
pipeline.  The  resulting  hydruulie  grudlent  is  shown  In  Figure  E-12.  Locations  of  the 
booster  pump  stutions  and  pressure  regulation  stations  are  shown  In  Table  E-6. 


Tuble  E-6.  Location  of  Pipeline  Booster  Pump  Stutions  and 
Pressure  Regulation  Stations  for  Alternative  VI  - Scenario  1. 


Station 

Type  . . ... 

Location* 

PI 

Booster  Pump 

0 

P2 

Booster  Pump 

20.09 

P3 

Booster  Pump 

35.90 

P4 

Booster  Pump 

49.28 

HI 

Pressure  Regulation 

67 

P5 

Booster  Pump 

90 

* Locution  shown  us  mllus  I'rom  murine  turiliimil. 


The  booster  pump  performance  requirements  for  station  PI  through  P4 
correspond  to  420  water  horsepower,  Bused  on  u pump  efficiency  of  0.805  from 
Figure  E-2,  the  power  required  to  drive  the  pump  Is  522  brake  horsepower.  A single 
turbine-engine-driven  pump  is  capable  of  delivering  the  required  pump  performance. 
In  order  to  maintain  the  pump  unit  weight  and  size  within  the  transportability  limits, 
two  diesel-enginc-drivcn  pumps  will  be  required  ut  pump  station  PI,  P2,  P3.  und  P4, 
A single  pump  of  the  same  eupucity  would  be  adequate  ut  pump  station  P5. 

(2)  Scenario  II.  As  In  Scenario  I,  the  suction  pressure,  maximum  total 
dynamic  head  ut  ouch  pump  station,  and  maximum  safe  operating  pressure  ure  55, 
1,752,  and  1,807  feet  of  fuel,  respectively.  At  the  specified  rate  of  flow  of  1,065 
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gal/min,  the  fluid  friction  losses  are  equal  to  82.4  feet  per  mile.  Adding  the 
5-feet-per-niile  rise  in  elevation  crcutes  a total  head  requirement  for  the  100  miles  of 
pipeline  or  (82.4  + 5)  (100)  = 8.740  feet.  Five  booster  pump  stations,  each  developing 
1,748  feet  total  dynamic  head,  will  provide  the  required  hydraulic  horsepower.  The 
hydraulic  gradient  is  shown  In  Figure  E-]  3 with  the  pump  stations  located  20  miles 
apart. 

The  hydraulic  horsepower  produced  by  a pump  operating  at  1,065  gal/min  and 
1 ,748  feet  total  dynumic  head  is  470  water  horsepower.  Based  on  a pump  efficiency 
of  0.806  from  Figure  E-2,  the  required  engine  power  rating  is  583  brake  horsepower. 
One  turbine-engine-driven  pump  can  satisfy  the  total  pump  station  power 
requirements.  Transportability  limits  on  pump  size  and  weight  will  require  two 
diesel-engine-driven  pumps  at  each  booster  station. 


g.  Alternative  VII.  Selected  to  evaluate  the  possibility  of  using  two  6-inch- 
diameter  pipelines,  this  alternative  uses  6063-T6  aluminum  pipe  joined  by  Race  and 
Race,  Inc.,  mechanical  coupling.  The  maximum  safe  working  pressure  recommended 
by  the  manufacturer  for  the  6.625-inch-outside-diameter,  0.134-inch  wall  pipe  is 
410  Ib/in1,  As  with  the  8-inch-diameter  pipelines,  the  minimum  acceptable  pump  sta- 
tion suction  pressure  is  assumed  to  be  20  lb/in* . The  maximum  pressure  loss  between 
pump  stations  is  410  • 20  ■ 390  Ib/in*  which  is  equivalent  to  1 ,066  feet  of  fuel. 

(I)  Scenario  I.  The  design  flow  for  each  6>lnch  pipeline  is  assumed  to  be 
one  half  the  950  gal/min  flow  rate  used  for  8-inch  pipelines,  or  (950/2)  ■ 475  gal/min. 
At  this  rate  of  flow,  the  fluid  friction  losses  will  be  69.9  feet  of  fuel  per  mile  or  pipe- 
line length.  Adding  the  3,000  feet  static  head  due  to  the  rise  In  elevation,  the  pump 
stations  in  the  first  60  miles  of  the  pipeline  must  develop  a total  head  of  (4,194  + 
3,000)  * 7,194  feet  of  fuel.  Dividing  the  total  required  heud  by  the  maximum  allow- 
able pressure  rise  at  each  station  yields  a value  of  (7,194/1,006)  - 6.74.  Therefore, 
seven  pump  stations  are  required,  developing  (7,194/7)  ■ 1,028  feet  of  dynamic  head. 
Figure  E-14  shows  the  hydraulic  grudient  for  this  pipeline  design. 


On  the  downhill  run  from  mile  60  to  90,  both  the  stutic  und  dynumic  gradients 
would  exceed  the  maximum  safe  working  pressure  for  the  pipe  without  the  use  of 
pressure  regulation  stations.  The  optimum  system  design  would  use  two  pressure 
regulation  stutions  located  at  mile  67  und  mile  76  as  shown  in  Figure  E-14.  By  proper 
adjustment  of  the  discharge  pressure  at  the  mile  76  pressure  regulation  station,  the 
available  static  heud  will  muintuln  the  desired  rute  of  flow  to  mile  89.2.  Another 
pump  station  Is  requested  at  that  point  to  push  the  fuel  to  the  end  of  the  pipeline 
ut  the  required  flow  rute, 
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DISTANCE  FROM  MARINE  TERMINAL  IN  MILES 
Figure  E-13.  Hydraulic  gradient  for  Alternative  VI  - Scenario  II 


Tin1  locations  lor  all  booster  pump  stations  and  pressure  regulation  stations 
are  listed  in  Table  T-7. 


Table  l>7.  Location  of  Pipeline  Booster  Pump  Stations  and 
Pressure  Regulation  Stations  for  Alternative  VII  - Scenario  1. 


Station 

Type 

Locution* 

PI 

Booster  Pump 

0 

P2 

Booster  Pump 

12.3 

P3 

Booster  Pump 

22.4 

P4 

Booster  Pump 

31.6 

P5 

Booster  Pump 

40,1 

P6 

Booster  Pump 

47.5 

P7 

Booster  Pump 

53.9 

R1 

Pressure  Regulation 

67.0 

R2 

Pressure  Regulation 

76.0 

P8 

Booster  Pump 

89,2 

* Location  ihown  hi  mllti  from  nitrint  terminal, 


A pump  station  operating  at  47 5 gal/min  and  1,028  feet  total  dynurnic  head 
develops  123  water  horsepower.  Using  a pump  efficiency  of  0.798  from  Figure  E-2, 
the  power  required  to  drive  the  pump  will  be  155  brake  horsepower. 

(2)  Scenario  II.  Under  the  specified  design  conditions  with  each  6-Jneh 
pipeline  currying  one-half  the  required  1,065  gal/min  rate  of  flow,  or  532.5  gal/niln, 
the  fluid  friction  losses  are  computed  to  be  92.3  feet  of  fuel  per  mile.  Adding  the 

5- feet-per-mile  static  gradient  yields  a total  head  of  97.3  Feet  per  mile  or  9,730  feet 
of  fuel  for  the  entire  100-mile  pipeline.  Ten  booster  stations,  each  developing  973 
feet  total  dynamic  head,  are  required  to  muintaln  the  pump  station  discharge  pressure 
below  the  maximum  safe  working  pressure  of  1,121  feet  of  diesel  fuel.  The  resulting 
hydraulic  gradient  is  shown  in  Figure  E-1 5. 

The  hydraulic  horsepower  equivalent  to  532,5  gal/min  and  973  feet  of  fuel 
is  135  water  horsepower,  From  Figure  E-2,  the  pump  efficiency  will  be  0.798,  The 
pump  power  requirement  is  135/0,78  " 169  brake  horsepower. 

h.  Alternative  VIII.  This  pipeline  design  is  based  on  using  two  parallel 

6- lnch-diamoter,  6061-T6  aluminum  alloy,  schedule  10  pipe  joined  by  the  ZAP-LOK 
mechanical  swaging  process.  The  6.625-inch-outslde-diumetcr  pipe  has  n maximum 
safe  working  pressure  of  780  ib/in2,  equivalent  to  2,123  feet  of  diesel  fuel,  Operating 
with  20  lb/in2  (55  feet  of  fuel)  pump  suction  pressure,  the  maximum  pressure  loss 
between  pump  stations  is  (2,123  - 55)  ■ 2068  feet  of  fuel. 
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Figure  E-15.  Hydraulic  gradient  for  Alternative  VII  — Scenario  II. 


(1)  Scenario  1.  Diesel  fuel  flowing  ut  the  design  rate  of  flow  of  ( D 5 0/ 2 ) 
= 475  gul/min  will  lose  69.9  feet  of  head  per  mile  due  to  fluid  friction.  The  total 
head  requirement  for  the  first  60  miles  of  pipeline  is  (69.9)  (60)  + 3,000  = 7,i94 

feet  of  fuel.  Using  four  booster  pump  stations,  the  total  dynamic  head  developed  at 
each  station  is  (7, 1 94/4)*  1,799  feet  of  fuel. 

The  hydraulic  gradient,  shown  in  Figure  E-16,  when  flowing  at  design  conditions 
is  below  the  maximum  safe  working  pressure  at  all  points  along  the  pipeline  without 
the  use  of  a pressure  regulation  station.  However,  a pressure  regulation  station  must  be 
used  on  the  downhill  run  from  mile  60  to  mile  80  to  prevent  overpressuring  the  pipe- 
line under  static  conditions.  The  resulting  static  gradient  is  as  shown  in  Figure  E-16 
with  the  pipeline  booster  pump  station's  and  pressure  regulation  station's  locations  as 
listed  in  Table  E-8. 


Tuble  E-8.  Location  of  Pipeline  Booster  Pump  Stations  and 
Pressure  Regulation  Stations  for  Alternative  V1H  - Scenario  1. 
Station  Type  Location* 

PI  Booster  Pump  0 

P2  Booster  Pump  20.0 

P3  Booster  Pump  35.9 

P4  Booster  Pump  49.3 


* Locution  ihown  hi  mUei  from  marine  lermlnel. 


i 

r 


The  power  requirement  for  a pump  station  operating  ut  475  gul/min  and  1799 
feet  totul  dynamic  head  is  222  water  horsepower.  Based  on  a pump  efficiency  of 
0.800  from  Figure  E-2,  the  pump  engine  must  have  u continuous  power  rating  of 
278  brake  horsepower 

(2)  Scenario  II.  As  in  Scenario  1,  the  suction  pressure,  maximum  total 
dynamic  head  ut  euch  booster  pump  stution  und  maximum  safe  operating  pressure 
ure  55,  2,068,  und  2,123  feet  of  diesel  fuel,  respectively,  At  one-hulf  the  required 
throughput  rute  of  (1,065/2)  * 532.5  gul/min,  the  fluid  friction  losses  are  equal  to 
92.3  feet  per  mile.  Adding  the  5-feet-per-mlle  rise  in  elevation  gives  a total  dynamic 
head  of  (92.3  + S)  (100)  - 9,730  feet  of  fuel  for  the  100  miles  of  pipeline,  Five 
booster  pump  stations,  each  developing  1.946  feet  totul  dynumic  head,  will  provide 
the  required  hydraulic  horsepower.  The  hydruullc  gradient  Is  shown  In  Figure  E-17. 

A flow  rute  of  932.5  gul/min  ami  1,946  feet  totul  dynumic  head  Is  equul  to 
270  water  horsepower.  Bused  on  u pump  efficiency  of  0.801  from  Figure  E-2,  the 
required  pump  engine  power  rating  is  337  bruke  horsepower,  in  order  to  maintain 
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Figure  E-16.  Hydraulic  gradient  for  Alternative  VIII  - Scenario  I. 
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Hu*  pump  unit  weight  ami  size  within  the  transportability  limits,  two 
dicsol-enginc-d  riven  pumps  will  be  required  at  each  booster  pump  station. 


i.  Military  Standard  System.  To  satisfy  the  seenurio  requirements  with 
Military  standard  equipment,  8-lneh,  lightweight,  steel  tubing  joined  by  grooved-end 
mechanical  couplings  would  be  used.  The  maximum  sufe  working  pressure  of 

500  lb/in2  is  equal  to  a head  of  1,367  feet  of  diesel  fuel.  The  Military  stundurd  6-Inch, 
4-stuge,  diesel-engine-driven  pump,  conforming  to  MIL-P-53375A  is  designed  to 
operate  the  20  lb/in2,  or  55  feet,  of  pressure  ut  the  inlet.  Thus,  the  maximum  pressure 
rise  ut  each  pump  station  is  limited  to  (1,367  * 55)  ■ 1,312  feet  total  dynamic  head. 
One  pump  unit  is  capable  of  developing  this  head  at  the  design  rates  of  flow  for 
Scenarios  1 and  II. 


( I ) Scenario  I,  At  the  design  rate  of  flow  of  950  gui/min,  the  tluid  friction 
loss  for  diesel  fuel  is  computed  to  be  63.7  feet  per  mile.  The  total  head  required 
in  the  pipeline  segment  from  the  marine  terminal  to  the1  highest  point  in  the  pipeline 
at  mile  60  is  (63.7)  (60)  + 3,000  ■ 6,822  feet  of  fuel.  Six  pump  stations  each 
developing  1,137  feet  of  head  will  achieve  the  design  rate  of  flow  to  mile  60.  The 
actual  working  pressure  will  be  1,137  feet  total  dynamic  head  plus  55  feet  suction 
pressure  or  1 ,192  feet  of  fuel. 

The  drop  in  elevutlon  of  2,600  feet  between  mile  60  and  mile  90  exceeds  the 
maximum  sufe  working  pressure  of  the  lightweight  steel  tubing.  As  a result,  u pressure 
regulation  station  must  be  used  in  this  downhill  run.  When  the  pressure  regulation 
station  is  located  at  mile  69  with  the  discharge  pressure  adjusted  to  55  feet  of  fuel, 
tlte  satlc  head  ut  the  inlet  to  the  pressure  regulation  station  under  no-flow  conditions 
will  be  1350  feet.  At  the  same  time  the  maximum  static  head  in  the  lowest  section 
of  the  pipeline  from  mile  90  to  mile  100  will  be  1305  feet  of  fuel, 

At  design  flow  conditions,  the  static  heud  will  be  adequate  to  move  the  fuel 
to  mile  88.  At  that  point  a pump  station  adding  725  feet  total  dynamic  head  will 
be  required  to  maintain  flow.  The  resulting  hydraulic  gradient  is  shown  in  Figure  E-l  8. 
The  locutions  of  the  pump  stations  and  pressure  regulation  stations  are  shown  in 
Tabic  E-9, 


(2)  Scenario  II.  At  the  specified  design  rate  of  flow  of  1,065  gal/min, 
the  fluid  friction  losses  for  diesel  fuel  will  be  83,6  feet  of  fuel  per  mile,  Adding  5 feet 
per  mile  rise  in  elevation  gives  a total  head  requirement  of  88.6  feet  per  mile  or  8,860 
feet  through  100  miles  of  pipeline.  Seven  booster  pump  stations,  located  14,3  miles 
apart,  will  deliver  the  required  flow  when  each  booster  station  develops  1,266  feet 
total  dynamic  head.  The  hydraulic  gradient  for  the  pipeline  is  shown  in  Figure  E-l 9. 
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